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Utilizing an ionic liquid strategy, we report crystal structures of salts of
free anionic nucleobases and base pairs previously studied only com-
putationally and in the gas phase. Reaction of tetrabutylammonium
([N4444]

+) or tetrabutylphosphonium ([P4444]
+) hydroxide with ade-

nine (HAd) and thymine (HThy) led to hydrated salts of deprotonated
adenine, [N4444][Ad]·2H2O, and thymine, [P4444][Thy]·2H2O, as well as
the double salt cocrystal, [P4444]2[Ad][Thy]·3H2O·2HThy. The cocrystal
includes the anionic [Ad−(HThy)] base pair which is a stable forma-
tion in the solid state that has previously not even been suggested. It
exhibits Watson–Crick connectivity as found in DNA but which is
unusual for the free neutral base pairs. The stability of the observed
anionic bases and their supramolecular formations and hydrates has
also been examined by electronic structure calculations, contributing
to more insight into how base pairs can bind when a proton is re-
moved and highlighting mechanisms of stabilization or chemical
transformation in the DNA chains.
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Since the breakthrough discovery of the double helix structure
of DNA by Watson and Crick (1) in the early 1950s, research

interest in nucleobases and complementary base pairing chemistry
has been a cornerstone of structural biochemistry, pharmaceutical
development, protein crystallography, crystal engineering, modern
biology, and many other areas (2–4). Current advances in the
areas of solid-state chemistry and supramolecular chemistry have
already achieved an ability to anticipate the formation of exotic
supramolecular assemblies with tailor-made properties. Despite
the research interest in the supramolecular chemistry of nucleo-
bases, it is rather surprising that anionic forms of free nucleobases
are relatively unexplored and crystal structures of salts of free
anionic nucleobases and base pairs are unknown.
Crystal structures would be particularly useful for detailed,

quantitative examinations of the interactions between anionic
nucleobases, either each other or with other molecules. These
are important in a number of biological contexts. Anionic states
of nucleic acid bases are involved in various biological processes
including DNA damage, electron transfer in DNA, various mu-
tations, Watson–Crick (WC) like anionic base pairs or mispairs,
and chemical damage by oxidative species (5–8). In this regard,
the chemical properties of the ionic state of the nucleobases,
their derivatives, and anionic deprotonated DNA base pairs have
been studied in the gas-phase using mass spectrometry, negative
ion photoelectron spectroscopy, and also modeled using density
functional theory (DFT) electronic structure calculations to gain
insight into the mechanism of radiation-induced DNA damage
and other biological processes (9–14). Characterization of an-
ionic nucleobases and unstable tautomers in DNA and RNA is a
huge challenge because they exist in low abundance, often for
only short periods of time, so that they are difficult to observe at
the atomic level (7, 15, 16). Thus, detailed, experimentally vali-
dated structures of anionic nucleobases may aid their detection
in real biological systems.
We recently synthesized low melting salts (i.e., ionic liquids) of

anionic acyclovir, an antiviral medicine which is an analog of

guanosine, with large bulky tetraalkyl-phosphonium or tetraalkyl-
ammonium cations (17, 18). Neutral acyclovir (HAcy) and
deprotonated [Acy]− have appropriate geometries to participate in
complementary Watson−Crick-type base pairing. We hypothe-
sized that the same approach would lead to anionic forms of
nucleobases. To test this hypothesis, neutral adenine (HAd) and
thymine (HThy) were reacted with aqueous tetrabutylammonium
hydroxide ([N4444][OH]) and tetrabutylphosphonium hydroxide
([P4444][OH]) (Scheme 1). In a competitive reaction, we also
reacted HAd and HThy with [P4444][OH](aq) in a 1:1:1 ratio. In all
cases, colorless single crystals suitable for single crystal X-ray
diffraction (SCXRD) studies formed within a day after cooling
to room temperature.

Results and Discussion
[N4444][Ad]·2H2O. In addition to anionic forms of the base pairs,
radical anion pairs have been intensively studied computationally
and in the gas phase (19–22). Since water is the natural com-
ponent/medium of biological systems, investigation of the inter-
actions of deprotonated nucleobases with it is of both
fundamental and practical interest. Moreover, such interactions
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have also been studied in the gas phase for isolated deprotonated
nucleobases (23). As discussed below and elsewhere (23, 24), the
most acidic gas-phase site in the adenine molecule is the N(9)-H
of the imidazole ring (Fig. 1). A synthetic attempt to produce
free anionic adenine was undertaken; however, its complete
X-ray structure characterization was hindered due to a signifi-
cant degree of positional disorder in the crystal structure (25).
In this work, we have experimentally obtained and structurally

characterized the [Ad]− anion in the solid state. Our structure is
consistent with the one corresponding to the removal of the proton
from the site determined to be the most acidic in the gas phase.
[N4444][Ad]·2H2O crystallizes in the monoclinic space group P21/c
with one [Ad]− anion, one [N4444]

+ cation, and two water molecules
in the asymmetric unit (SI Appendix, Fig. S1). The crystal structure
is best described in terms of alternating layers of cations and anions.
The latter are polymeric pseudo–two-dimensional (2D) formations
of [Ad]− anions bound via water molecules in monodentate and
bidentate modes preventing any direct [Ad]−–[Ad]− connectivity
(Fig. 2 A and B). It should be noted, though, that the estimated
strengths of these three contacts are different varying from medium
to the upper edge of the moderate range (26) [dO···N = 2.819(2) to

3.192(2) Å]. The weaker intermolecular interactions of the biden-
tate H2O are reinforced by additional water bridging [dO···O =
2.762(2) Å]. From the structural viewpoint, the entire anionic layer
can be represented on the basis of dimeric units containing two
[Ad]− anions and four water molecules. Each such unit binds to four
identical units via direct OH···N hydrogen bonds. Each [Ad]− anion
bridges to three other [Ad]− by means of at least one water mole-
cule via NH···O, OH···N, and OH···N− hydrogen bonds.
The [N4444]

+ cations form separate layers with mainly van der
Waals intralayer bonding (SI Appendix, Fig. S4). Each [Ad]− is
connected with two [N4444]

+ cations via weak nonclassical CH···π
intermolecular interactions. On the other hand, the [N4444]

+

cations are also connected with two [Ad]− anions via the same
CH···π intermolecular interactions and with two water molecules
via weak CH···O hydrogen bonds.

[P4444][Thy]·2H2O. Whereas the gas-phase photoelectron spectra
suggested that Thy− is formed by removal of a proton from the
N(1) atom (23, 27) that generally connects to the sugar in the
nucleotide, both N(3)− and N(1)− deprotonated monoanions are
indistinguishable in aqueous solution (28). Both sites show

Scheme 1. Reactions leading to crystallization of (A) [N4444][Ad]·2H2O, (B) [P4444][Thy]·2H2O, and (C) [P4444]2[Ad][Thy]·3H2O·2HThy. All reagents were mixed
in a 1:1 molar ratio (C was mixed 1:1:1) at room temperature and then heated to 90 °C for 15 h (see SI Appendix for full synthetic details).

Fig. 1. Visualization of four different types of HAd-HThy nucleobase pairing including alternate nomenclature in the parentheses: WC, Watson–Crick (Cis
Watson–Crick/Watson–Crick); HG, Hoogsteen (Cis Watson–Crick/Hoogsteen); QWC, Quasi-Watson–Crick (Trans Watson–Crick/Watson–Crick); and QH, Quasi-
Hoogsteen (Trans Watson–Crick/Hoogsteen). In the case of the anionic base pair, N(9) of adenine and/or N(1) of thymine are deprotonated.
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distinctive acidities in the gas phase (by 11.0 kcal/mol) as dis-
cussed below and in the literature (29), yet they are equivalent in
water. Whereas the N(1) conjugate base is more stable in the gas
phase as the N(1)− anion is adjacent to only one oxyanion, the
N(3) conjugate base is to a higher extent stabilized by the di-
electric field associated with water (30).
[P4444][Thy]·2H2O crystallizes in the triclinic space group P1

with two independent but practically identical deprotonated
thymine [Thy]− anions, two [P4444]

+ cations, and four water
molecules in the asymmetric unit (SI Appendix, Fig. S2). The
[Thy]− anion is formed by removal of a proton from the N(1) site
(Fig. 1) in the crystalline [P4444][Thy]·2H2O, and this is consis-
tent with the anions as discussed below and observed in the gas
phase (31). The crystal structure is characterized by infinite 1D
zigzag chains formed by [Thy2]

2− dimers and tetranuclear water
bridges (Fig. 2C). The dimers are connected via N(3)H···O

hydrogen bonds, while water bridges are interconnected via
OH···O hydrogen bonds.
The mutual interaction environments around the [Thy]− an-

ions and [P4444]
+ cations are slightly different from each other.

In contrast to the previous structure with [Ad]−, [P4444]
+ cations

form not only separate layers but separate [[Thy]−/2H2O]n an-
ionic chains along both a and c directions (SI Appendix, Fig. S5).
[Thy]− anions are connected with three or four [P4444]

+ via weak
nonclassical CH···π intermolecular interactions and weak CH···O
hydrogen bonds. Both [P4444]

+ cations are connected to four
[Thy]− anions and a water molecule each.

Cocrystal Base Pairing, [P4444]2[Ad][Thy]·3H2O·2HThy. It has been
shown that the DNA double helix can accommodate huge
structural variability maintaining Watson–Crick (WC) base
pairing (32, 33). Hoogsteen (HG) base pairs in DNA duplexes are
frequently characterized as transient with a low population (34).
Deviation from the WC base pairing in the double helix is usually
connected to external factors, e.g., interactions with additional
molecules, as well as in the context of DNA damage (35–37).
Although involving significant structural changes, an identical
WC-type mode has also been predicted for the adenine–thymine
base pair radical anions (38, 39). Self-organization of neutral ad-
enine and thymine in the solid state indicates primarily the HG
mode of base pairing (40–43). The deprotonated guanine–cytosine
base pair has been studied computationally (11), but no studies
have been, to the best of our knowledge, reported for adenine–
thymine or any other combinations.
[P4444]2[Ad][Thy]·3H2O·2HThy crystallizes in the monoclinic

acentric space group Cc with one [Ad]− and [Thy]− anions, two
[P4444]

+ cations, two neutral thymine, and three water molecules
in the asymmetric unit (SI Appendix, Fig. S3). The [Ad]− anion is
connected to two neutral HThy through NH···O and NH···N
hydrogen bonds which leads to the formation of [Ad]− and HThy
WC type base pairs and, additionally, quasi-HG base pairs (Figs.
1 and 3A, red and blue circles, respectively). Furthermore, it is
connected to a third neutral thymine via a direct NH···N bond
complemented by a CH···H2O···N bridge. Although WC-type
pairing is usual in DNA, it has never been observed in cocrys-
tals of the neutral HAd–HThy base pair.
There are no direct intermolecular interactions between anionic

[Ad]− and [Thy]− in this cocrystal. Anionic [Thy]− forms base pairs
with neutral HThy through NH···O dimers, as well as a water bridge
(CO···H2O···OC). From a structural motif viewpoint, these can be
considered as the four nucleobase unit [HThyAdHThyThy]2− (Fig. 3A,
orange circle). Similar to [P4444][Thy]·2H2O, the water molecule is
connected to the deprotonated nitrogen of the [Thy]− via OH···N−

hydrogen bonds. In contrast to the former, in the cocrystal only
trimeric water bridges connect the nucleobase tetramers.
Taking into consideration the extended hydrogen bond net-

work and water bridges, we observe face-to-face stacking (7.703
Å) of the helical motifs along the a axis (Fig. 3A, green circle,
and Fig. 3B). Each helix consists of two [Ad]−, two [Thy]−, three
HThy, and four water bridges, while each but one nucleobase is
shared between two such motifs. This stacking distance has been
observed in many proteins where the aromatic groups of pep-
tides stack in this manner to stabilize the protein structure (44).
Despite having the stacking in the helical motif, B-form helices
are not found in this structure.
[P4444]

+ cations do not play any independent role in the crystal
structure of [P4444]2[Ad][Thy]·3H2O·2HThy but rather support
the helix-like motif of the nucleobase-water formation with the P
centers located along the dashed green lines (Fig. 3 and SI Ap-
pendix, Fig. S6) and carbon chains filling the space inside of the
helices. The mutual cationic/anionic environment here follows
the general structural complexity. The [Ad]− anion is connected
to two [P4444]

+ cations via the same weak nonclassical CH···π
bonds. The [Thy]− anion is connected to three [P4444]

+ cations,

Fig. 2. The 2D sheet of water and [Ad]− in [N4444][Ad]·2H2O, projection on
(A) the bc and (B) the ab plane. (C) Polymeric chains of [Thy2]

2− dimers (blue
circle) and tetranuclear water bridges (green circle) in [P4444][Thy]·2H2O.
Crystallographic axes are color coded: b, green; c, blue. [N4444]

+/[P4444]
+

cations are omitted for clarity.
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while both neutral HThy molecules are connected to four. Both
[P4444]

+ cations show slightly different connectivity: [P14444]
+ in-

teracts with 1 [Ad]−, 7 HThy, and 4 water molecules and [P24444]
+

to 4 [Ad]−, 4 [Thy]−, 2 HThy, and 3 water molecules. The po-
tential contacts to the water molecules are extremely weak.

Computational Results. To provide better insights into the con-
nectivity preferences and supramolecular formation, a range of
structures have been optimized in the gas phase. The optimiza-
tions were done using the standard approaches in Gaussian16.
The initial structures for the monomers and dimers were con-
structed using a graphical user interface. For the dimers, dif-
ferent hydrogen bonding orientations were chosen. The starting
geometries for the trimers, tetramers, and pentamers were taken
from the crystal structure with adjusted hydrogen positions.
Canonical neutral HAd with the acidic proton trans to the −NH2
(B; SI Appendix, Fig. S7) is 7.6 kcal/mol lower in energy than the
cis form, whereas the [Thy]− anion with the deprotonated N
located between the two C=O groups (A) is 10.5 kcal/mol less
favorable. If the effects of solvation are included at the B3LYP/
aug-cc-PVDZ/COSMO self-consistent reaction field level, the
energy difference for the two different N sites in Thy− decreases
to 2.0 kcal/mol, consistent with experiments (30). The acidity for
HThy is essentially the same as that for HAd. These results are
fully consistent with the literature and previous experiments (24,
45, 46), and more details are given in SI Appendix.
The [HAdAd]−, [HThyThy]−, [HAdThy]−, and [AdHThy]−

dimers were optimized at the DFT B3LYP/aD level and at the
composite correlated molecular orbital theory G3(MP2) and
G3MP2(B3) levels; all three methods give qualitatively compa-
rable results (Table 1). The formation of [HAdAd]− from HAd
and [Ad]− is exothermic by ∼29 kcal/mol for the most stable
structure with the NH on the five-member ring interacting with a
nitrogen on the anionic five-member ring and an NH2 group

interacting with a six-member ring (SI Appendix, Fig. S8). The
most stable [HThyThy]− dimeric structure has both CH3 groups
being maximally distant from the interacting C=O groups (SI
Appendix, Fig. S9). In contrast to [HAdAd]−, there is a second
low-energy configuration that is just 2.4 kcal/mol higher in en-
ergy. Note that the structures of the isolated gas-phase dimer
monoanions differ from the structure observed for the [ThyThy]2−

hydrated dianion dimers in the crystal. The most stable structure
of the mixed anionic [HAdThy]− dimer adopts the QHG mode
(Fig. 1 and SI Appendix, Fig. S10) but contains deprotonated
[Thy]−, whereas the structure with deprotonated [Ad]− adopts the
WC mode and is 10 kcal/mol higher. That is surprisingly large as
both compounds have the same gas-phase acidity. For the neutral
HAdHThy dimer both WC and HG modes are roughly compa-
rable in the gas phase with the latter being slightly lower. The
binding energy for the neutral dimer is about half that of the
anionic one.
The [HThyAdHThy]− moiety observed in the crystal structure

optimized to [ThyHAdHThy]−, with a proton transfer to the
[Ad]− from a HThy (SI Appendix, Fig. S11). This result of proton
transfer is consistent with the lowest-energy structure for the
mixed dimer (Table 2), and the resulting connectivity modes
(coexisting QHG and WC) perfectly match the experimental
observation despite different localization of the proton. The
addition of HThy to the mixed dimer is exothermic by −10 kcal/
mol for the most stable mixed dimer structure. An alternative
structure that does not involve proton transfer from the neutral
thymine to an adenine anion is [AdHThyAd]2−. For the isolated
gas-phase trimer structure, the connectivity modes between the
base pair are HG and QWC, which is opposite to the crystal structure
with counterions and water molecules present. We also optimized the
structure of the tetramer [HThy][Ad]−[HThy][Thy]−·3H2O starting
from the crystal structure which led to [Thy]−[HAd][HThy][Thy]−·3H2O
with proton transfer from the [HThy] to the adjacent [Ad]−.

Fig. 3. (A) Molecular arrangements and hydrogen bond patterns in the crystal structure of [P4444]2[Ad][Thy]·3H2O·2HThy and (B) helical motif along the a
axis. Crystallographic axes are color coded: b, green; c, blue. [P4444]

+ cations are omitted for clarity.

Table 1. Complexation energies for dimers at the different computational levels at 298 K in kcal/mol

Reaction

B3LYP/aD G3(MP2) G3MP2(B3)

ΔHgas ΔGgas ΔHgas ΔGgas ΔHgas ΔGgas

[Ad]− + HAd B → [HAdAd]− (1) −27.4 −15.7 −28.8 −19.2 −29.2 −18.8
[Ad]− + HAd B → [HAdAd]− (2) −13.8 −2.6 −14.9 −5.9 −15.4 −5.4
[Thy]− B + HThy → [HThyThy]− (1) −22.0 −11.6 * * −23.8 −14.0
[Thy]− B + HThy → [HThyThy]− (2) −19.7 −9.6 −20.3 −12.5 −21.3 −11.6
[Thy]− B + HThy → [HThyThy]− (3) −11.4 −1.0 * * −14.3 −1.9
[Thy]− B + HThy → [HThyThy]− (4) −10.4 −0.1 −12.1 −3.6 −12.6 −3.2
[Ad]− + HThy → [HAdThy]− (1, QHG) −22.9 −12.0 −25.0 −13.3 −25.2 −12.9
[Ad]− + HThy → [AdHThy]− (2, WC) −13.3 −2.3 −14.6 −4.7 −15.4 −4.6
HAd B + HThy → [HAdHThy] (HG) −12.3 −0.2 −14.2 −4.6 −14.4 −3.9
HAd B + HThy → [HAdHThy] (WC) −11.6 0.4 −13.4 −3.9 −13.7 −3.3

*Did not converge.
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Finally, we optimized the pentamer [HThy]2[Ad]
−[HThy][Thy]−·3H2O

formed by adding an additional HThy. In this case, there is no
proton transfer, and the optimized structure of the isolated
pentamer is the same as that in the crystal showing that the
additional HThy governs the proton transfer between [HThy]
and [Ad]−. The close similarity between the structures in the
gas phase and in the solid state for a large enough cluster
suggests that this is an inherent binding motif for these types of
complexes and that the observed structures are not being
strongly directed by crystal lattice forces.
The structures of hydrated anions have also been optimized in

the gas phase to better understand the base pair connectivity
modes. Up to four waters were used to hydrate the [Ad]− and
[Thy]− anions (Table 3). Although our results predict more
binding than the values reported by Wincel (23), they are con-
sistent with the fact that the hydration energies are essentially
the same for the two anions.
The water for the monohydrated structure [Ad]− A (SI Ap-

pendix, Fig. S12) binds to the two accessible N atoms on the five-
and six-member ring and is the proton donor. The water in
structure [Ad]− B is a proton donor to an N on the five-member
ring and a proton acceptor from the NH2 group on the six-
member ring. For the monohydrated [Thy]−, the H2O is a pro-
ton donor to a C=O and to the N− center on the ring. The ad-
dition of a second H2O results in a drop of 1 kcal/mol as
compared to adding the first H2O for [Ad]− and 3.5 kcal/mol for
[Thy]−. Addition of two further H2O molecules to [Ad]− aver-
ages to −9 kcal/mol per H2O and for [Thy]− −10 kcal/mol.
Comparing the addition of four H2O molecules to [Ad]− with

the results from the crystal structure (SI Appendix, Fig. S13), one
may notice that the hydrogen bonding of the top three molecules
is essentially the same in the gas-phase structure as in the crystal.
The fourth H2O molecule on the bottom of the image has one
hydrogen bond to the anion, while the remaining hydrogen
points away to interact with additional molecules in the crystal
lattice. In the gas phase, this H2O molecule rotates to form two

hydrogen bonds to N groups on the five- and six-member rings of
[Ad]− due to no alternative. The interaction of the fourth water
molecule is essentially the same as binding one H2O in [Ad]− A
as discussed above.
The structure of the dianionic [Thy2]

2− dimer solvated by two
terminal H2O molecules is essentially the same in the crystal and
in the free gas-phase molecular complex (SI Appendix, Fig. S14).
Note that in both cases, there is one dangling H on a terminal
H2O that can be used for further hydrogen bonding to another
species. The resulting dimeric complex (SI Appendix, Fig. S15)
shows the ring of four H2O molecules between the two [Thy2]

2−

dimers that holds the entire complex together.

Conclusions
The explicit molecular mechanism of how radiation or low-
energy electrons damage DNA is still under intense study, and
the results of the current study provide insights into how base
pairs can bind when a proton is removed, highlighting mecha-
nisms of stabilization or chemical transformation in the DNA
chains. The anionic [AdHThy]− base pair exhibits Watson–Crick
connectivity as found in DNA but is unusual for the free neutral
base pairs. This deprotonated anionic [AdHThy]− base pair
structure is a stable formation in the solid state which has not
even been previously suggested. The combined experimental and
computational study shows that this type of binding in anionic
base pairs is inherent to the base pair and not driven by external
forces. The results also show the role that waters of solvation can
play in controlling the base pair binding, which is very important
due to the major role of water in biological systems. The con-
ventional Watson–Crick connectivity between adenine and thy-
mine certainly possesses backup stabilization mechanisms in the
charged state that becomes evident in both protonated and
deprotonated forms.

Materials and Methods
Chemicals. Adenine (99%) and thymine (99%) were bought from Sigma-
Aldrich, Co. LLC. Tetrabutylphosphonium hydroxide [P4444][OH] (40 wt %
in water) and tetrabutylammonium hydroxide [N4444][OH] (55 wt % in wa-
ter) were purchased from Fisher Scientific. All chemicals were used as re-
ceived unless otherwise stated.

Crystallization Procedures.
[N4444][Ad]·2H2O. Adenine (1 mmol; 0.135 g) and liquid [N4444][OH] (55 wt % in
water) (1 mmol, 0.476 g) were mixed into an empty borosilicate glass culture
tube (20 mL) at room temperature and slowly homogenized by hand grinding
with a glass stirring rod. The obtained mixture was placed in a heated sand
bath at 90 °C for 15 h. Colorless block-shaped crystals of [N4444][Ad]·2H2O
formed in the reaction vessel, and the vessel was allowed to cool to room
temperature.
[P4444][Thy]·2H2O. Thymine (1 mmol; 0.126 g) and liquid [P4444][OH] (40 wt % in
water) (1 mmol, 0.691 g) were mixed into an empty borosilicate glass culture
tube (20 mL) at room temperature and slowly homogenized by hand grinding
with a glass stirring rod. The obtained mixture was placed in a heated sand
bath at 90 °C for 15 h. Colorless block-shaped crystals of [P4444][Thy]·2H2O
formed in the reaction vessel, and the vessel was allowed to cool to room
temperature.
[P4444]2[Ad][Thy]·3H2O·2HThy. Adenine (1 mmol; 0.135 g), thymine (1 mmol;
0.126 g), and liquid [P4444][OH] (40 wt % in water) (1 mmol, 0.691 g) were

Table 2. Complexation energies for oligomers at the B3LYP/aD level at 298 K in kcal/mol

Reaction ΔHgas ΔGgas

[Ad]− + 2HThy → [HThyHAdThy]− −33.0 −10.7
[Thy]− B + HAd B + HThy → [HThyHAdThy]− −42.0 −18.7
[HAdThy]− (2) + HThy → [HThyHAdThy]− −19.8 −8.3
[HThyAd]− (1) + HThy → [HThyHAdThy]− −10.1 1.3
HAd A + HThy + [Thy]− A + [Thy]− B + 3H2O → [Thy]−[HAd][HThy]

[Thy]−·3H2O
−69.3 −8.4

[Ad]− + 3HThy + [Thy]− B + 3H2O → [HThy]2[Ad]
−[HThy][Thy]−·3H2O −71.7 0.8

Table 3. Energies of hydration for [Ad]– and [Thy]– at the
G3(MP2) level at 298 K in kcal/mol

Reactants Product ΔHgas ΔΔHgas ΔGgas

[Ad]−

1 H2O [Ad]−H2O A −13.9 0.0 −5.6
1 H2O [Ad]−H2O B −13.5 0.4 −4.8
2 H2O [Ad]−(H2O)2 −26.9 −13.0 −9.9
4 H2O [Ad]−(H2O)4 −44.8 −17.9 (2H2O) −11.9

[Thy]− A
1 H2O [Thy]−H2O −25.2 0.0 −16.6
2 H2O [Thy]−(H2O)2 −36.0 −10.8 −18.8
4 H2O [Thy]−(H2O)4 −55.7 −19.7 (2H2O) −22.4

[Thy]− B
1 H2O [Thy]−H2O −14.3 0.0 −6.1
2 H2O [Thy]−(H2O)2 −25.1 −10.8 −8.2
4 H2O [Thy]−(H2O)4 −44.8 −19.7 (2H2O) −11.9

18228 | www.pnas.org/cgi/doi/10.1073/pnas.2008379117 Mishra et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008379117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008379117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008379117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008379117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008379117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2008379117


mixed together into an empty borosilicate glass culture tube (20 mL) at room
temperature and slowly homogenized by hand grinding with a glass stirring
rod. The obtained mixture was placed in a heated sand bath at 90 °C for 15
h. Colorless plate-shaped crystals of [P4444]2[Ad][Thy]·3H2O·2HThy formed in
the reaction vessel, and the vessel was allowed to cool to room temperature.

SCXRD. The single crystals of the salts were isolated directly from each re-
action mixture. SCXRD data were collected on a Bruker D8 Advance dif-
fractometer with a Photon 100 CMOS area detector and an IμS microfocus
X-ray source using Mo-Kα radiation. Crystals were coated with Paratone oil
and cooled to 100 K under a cold stream of nitrogen using an Oxford
cryostat (Oxford Cryosystems). Hemispheres of data out to a resolution of at
least 0.80 Å were collected by a strategy of φ and ω scans. Unit cell deter-
mination, data collection, data reduction, correction for absorption, struc-
tural solution, and refinement were all conducted using the Apex3 software
suite. Hydrogen atoms bonded to nitrogen and oxygen atoms were located
from the difference map. Their coordinates were allowed to refine while
their thermal parameters were constrained to ride on the carrier atoms.
Hydrogen atoms bonded to carbon atoms were placed in calculated posi-
tions, and their coordinates and thermal parameters were constrained to
ride on the carrier atoms. Related crystallographic information has been
deposited with the Cambridge Structural Database and can be downloaded
free of charge from https://www.ccdc.cam.ac.uk/ (accession nos. CCDC
1976655, 1976656, and 1976657).

Powder X-Ray Diffraction. Powder X-ray diffraction (PXRD) data were collected
on a Bruker D8 Advance equipped with a Lynxeye linear position sensitive de-
tector (Bruker AXS). The bulk semisolid sample of [P4444]2[Ad][Thy]·3H2O·2HThy
was smeared directly onto the silicon wafer of a proprietary low-background
sample holder. Data were collected using a continuous coupled θ/2θ scan with

Ni-filtered Cu-Kα radiation. Diffraction data were measured across a 2θ range
of 5 to 30°. The collected diffractogram was compared with the diffractograms
calculated from the SCXRD data of [P4444]2[Ad][Thy]·3H2O·2HThy, [N4444][Ad]·
2H2O, [P4444][Thy]·2H2O, adenine, and, thymine. The diffractograms indicate
that the bulk solid is a mixture of [P4444]2[Ad][Thy]·3H2O·2HThy, adenine, and
thymine. PXRD data for [N4444][Ad]·2H2O and [P4444][Thy]·2H2O were not col-
lected due to the low viscosity of their bulk samples.

Computational Methods. All structures were optimized at the density func-
tional theory (DFT) level using Gaussian 16 (47). These geometries were
initially optimized (48–50) with the B3LYP (51, 52) exchange-correlation
functional using the DZVP2 (53) basis set, followed by optimization at the
B3LYP/aug-cc-pVDZ (aD) (54, 55) level. For adenine and thymine monomers
and dimers, improved energetics were obtained at the composite correlated
molecular orbital theory G3(MP2) (56) and/or G3MP2(B3) (57) levels as these
methods are shown to perform better (58) in the prediction of bond ener-
gies, acidities, and through-space interactions compared to the most com-
monly used DFT functionals. Gas-phase acidities are defined as the change in
free energy at 298 K for the deprotonation reaction (1).

HA→H+ + A−. [1]
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