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Dan Li*

Abstract: Biological and artificial molecules and assemblies
capable of supramolecular recognition, especially those with
nucleobase pairing, usually rely on autonomous or collective
binding to function. Advanced site-specific recognition takes
advantage of cooperative spatial effects, as in local folding in
protein—-DNA binding. Herein, we report a new nucleobase-
tagged metal-organic framework (MOF), namely ZnBTCA
(BTC = benzene-1,3,5-tricarboxyl, A = adenine), in which the
exposed Watson—Crick faces of adenine residues are immobi-
lized periodically on the interior crystalline surface. Systematic
control experiments demonstrated the cooperation of the open
Watson—Crick sites and spatial effects within the nanopores,
and thermodynamic and kinetic studies revealed a hysteretic
host—guest interaction attributed to mild chemisorption. We
further exploited this behavior for adenine—thymine binding
within the constrained pores, and a globally adaptive response
of the MOF host was observed.

The interest in designing artificial molecules and assemblies
for supramolecular recognition has endured for several
decades since the discovery of the archetypal Watson—Crick
DNA duplex, which is sustained by nucleobase pairing."
Successful examples implemented include the use of natural
and non-natural bases, canonical and noncanonical base-
pairing patterns, and an expanding diversity of supramolec-
ular motifs that have proved effective, such as hydrogen
bonding, metal binding, dipolar interactions, and DNA
bonding."! Many designs exploit one or a few specific motifs
for binding, but the molecular entities inevitably reside in
three-dimensional space (i.e. with a spatial degree of freedom
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of 3)." The available empty room thus endorses coexisting
supramolecular interactions, such as m—m stacking and hydro-
phobic forces, which may hamper the recognition abilities of
the host—guest systems in liquid media.'**! Biological DNA
and RNA molecules have evolved to take advantage of spatial
effects by restricting one degree of freedom through collec-
tive nucleobase pairing, and leaving the other two degrees of
freedom for local twisting and folding, which in turn give rise
to sophisticated adaptive behaviors, as demonstrated by DNA
major-groove recognition,?! nucleic-acid aptamers,* and
adaptive materials.”!

Metal-organic frameworks (MOFs) are a class of crystal-
line porous materials that are governed by geometry in the
three-dimensional assembly.”! Their intrinsic or dynamic
nanoporosity, sometimes in combination with specificity
(e.g. with open metal sites), have inspired innovative devel-
opments and applications.! Recently, the potential of MOFs
in biomimicry and biological applications has been high-
lighted.! A variety of biomolecules have been introduced as
the building blocks of MOFs.’l Apart from a few flexible
metal-peptide frameworks that mimic the conformational
adaptability of proteins,® base-pair binding within the con-
strained nanospaces of nucleobase-containing MOFs or
coordination polymers has rarely been explored.*”!

For spatial host-guest binding within a MOF, two
structural prerequisites must be fulfilled: There should be
guest-accessible pores with sizes on the nanoscale, and the
nucleobase residues must be immobilized on the interior
surface but must leave the base-pairing sites unoccupied, that
is, they must have open Watson—Crick faces (Figure 1a).
However, the low symmetry of nucleobases impedes the goal
of engineering three-dimensional nanopores; in fact, most
coordination polymers containing nucleobases exhibit dense
crystal structures.” Rosi and co-workers, among others,
successfully prepared a series of highly porous adenine-based
MOFs by incorporating several mono- or dicarboxylic acids as
coligands."® The most extensively studied, bio-MOF-1,
possesses fully occupied N sites upon coordination with
Zn,® thus blocking subsequent host—guest binding. The
Watson—Crick faces are exposed in bio-MOF-11 and its
analogues; however, previous studies have focused on their
gas-adsorption properties,’®! rather than their host-guest
chemistry in liquid media. In particular, base-pair binding has
not been documented in the MOF field so far.["'*!

Herein, we report a new adenine-based MOF, namely,
Zn;(A)(BTC),(H,0)-(CH;),NH,-x DMF-yH,O (denoted as
ZnBTCA; BTC=benzene-1,3,5-tricarboxyl, A =adenine,
DMF = N,N-dimethylformamide), which contains a common
tricarboxylic acid as a coligand. Occasionally, an adenine-free
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Figure 1. Open Watson—Crick sites. a) Coordination environment of
adenine in ZnBTCA. b) Perspective view of the ZnBTCA framework
host. c) Detailed inside view (channel region highlighted with a yellow
sphere in (b)) integrated with the Connolly surface (probe radius:

1.0 A), revealing open Watson—Crick sites on the interior surface. Color
coding: C gray, N blue, O red, Zn green (shown as tetrahedra in (a,b)),
H white (in (a,c)).

by-product, Zn(BTC)-(CH;),NH,DMF! (denoted as
ZnBTC), was obtained, but we managed to optimize the
synthetic conditions to give pure crystalline samples of
ZnBTCA. It was found that the interior surface of the anionic
ZnBTCA framework was decorated periodically with
exposed Watson—Crick faces (i.e. the adenine amino sites,
and neighboring pyrimidine N sites were vacant; see the
Supporting Information for experimental and structural
details).™
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The framework host ZnBTCA contains one-dimensional
channels (window dimension: ca. 11 x 8 A) running along the
[101] direction (Figure 1b), thus leaving a 68.5 % void volume
of the unit cell defined by the Connolly surface (commonly
used for visualizing the solvent-accessible surfaces of proteins,
nucleic acids, and recently MOFs)!'" with a surface area of
3057.5 m*g~". The inside view of the colored Connolly surface
in the channels (Figure 1c, Watson—Crick faces in blue,
carboxyl O atoms in red) highlights the guest-contacting
regions of the open Watson—Crick sites and the pendant
carboxyl O donors. The channels are further interconnected
through large windows with a diagonal dimension of approx-
imately 10 x 10 A, thus giving an overall three-periodic pore
connectivity. The open Watson—Crick sites are aligned nearly
parallel to the contacting surface, thus gating the channel-
connecting windows (see Figure S1 in the Supporting Infor-
mation).

To explore the host-guest chemistry of ZnBTCA, we
selected a systematic set of 12 organic dyes (also used as
DNA-staining agents in the context of nucleic-acids
research),m’] which differed in their ionic charge, dimensions,
and contacting sites, for control experiments (Figure 2).'"
The spatial effect, attributed to the microporosity of the
anionic ZnBTCA host, was demonstrated well by the
negligible or limited uptake observed for the charge-mis-
match and oversized groups (see Table S2 in the Supporting
Information for details of the physical parameters and uptake
amounts of the guests). Specifically, comparison can be made
between guests with structural similarity (marked by red
dotted lines in Figure 2). For example, basic and acid fuchsins
(BF' and AF*") showed distinct uptake behavior owing to
a charge-complement effect. In fact, for all anionic dye guests,
even for small MO™, the channels of ZnBTCA were
inaccessible. BR2*, albeit bulkier, was taken up in a much
greater amount than NR". In the case of cationic dyes, the
uptake of oversized RB" and R6G" was limited, whereas
slightly smaller R123* with amino groups was found to be
adsorbed moderately. The relative uptake amounts (R,) for
those with amino groups were in the order R123* < BF' <
BR2", in accord with their decreased dimensions, thus
suggesting a positive spatial effect. It was noted that PfH",
albeit smaller than MB* and BB3", exhibited a significantly
lower R, value (ca. 54 versus 99 and 96 %, respectively), thus
indicating that amino groups play an important role in the
host-guest chemistry (see below).

Interesting hysteretic behavior was observed for the
uptake of a PfH'/MB' mixture as compared with the
single-component curves (Figure 3). The uptake of PfH" is
hindered by MB" at first, as evidenced by the reduced total
uptake amount of PfH' (ca. 38 %) relative to the single-
component R, value (ca. 54 % ). After the adsorption equilib-
rium of MB™ has almost been reached, a second driving force
causes the unusual stepwise uptake of PfH', and thus its
uptake plateau (at ca. 20%) displays a second drop. The
release process also shows retention behavior for PfH" in the
presence of MB" (Figure 3b). The single-component three-
cycle uptake/release tests (see Figure S5) clearly indicate that
PfH" is not released as readily as MB ™. All these data suggest
that the second driving force responsible for the hysteretic
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Figure 2. Variation of the guest. Organic dyes used to systematically study host-guest selectivity. The guests 2) The pore-metrics analy-
are grouped (in blue, red, and green boxes) to represent charge/size effects and host—guest interactions, are sisl’? of ZnBTC (Figure 4d),
placed in an order roughly related to their size (larger compounds at the top and smaller compounds at the ZnBTCA (Figure 4¢), and
bottom), and are marked with their relative uptake amount (R,) into ZnBTCA. The red dotted lines connect bio-MOF-1 (Figure 4f) can
guests that are comparable in terms of structural similarity. PFH" and MB" were chosen for thermodynamic
and kinetic studies.

be used to visualize the spa-
tial effect. The minimum
diameters of the host chan-
nels increase in the order
ZnBTC  (4.386 A) <ZnBTCA  (6.066 A) < bio-MOF-

a) of 1 (9.610 A). The greater pore-size-distribution range of

0] ZnBOTCA (ca. 2.8 A) as comparegl with those of ZnBTC (ca.

1.1 A) and bio-MOF-1 (ca. 0.1 A) suggests that the guests

3 401 may experience steric hindrance during uptake into

;‘:’ ZnBTCA, especially considering its sinusoidal-like channel

Ly —=—MB" uptake shape (Figure 4¢). 3) The key difference is that only

80 :rfzrj;::: ZnBTCA possesses open Watson—Crick sites, which can

—— PfH® release potentially interact with the amino groups in PfH'. In

19051 B iSSPl ) comparison, ZnBTC has no nucleobase coligand, whereas

e ¢ (;0) SRR the Watson—Crick faces in bio-MOF-1 are blocked because of

b the coordination with Zn. Moreover, all three MOFs possess
) ] uncoordinated carboxyl O sites on the interior surfaces.

20+ The above hypotheses were tested in the uptake experi-

ments (Figure 4 g-i), and good agreement was found. First, for

F 4 ZnBTC, PfH" takes priority with a moderate uptake amount,

x 60 g ] whereas MB' is limited to surface sorption, which is

R attributed to size exclusion because the size of MB* exceeds

801 —— PfH" uptake the minimum channel diameter of ZnBTC. Second, when the

- —v—PfH’ release host channels are large enough to accommodate PfH" and

T T DRt St e MB* (as in ZnBTCA and bio-MOF-1), the uptake priority is

t(h) reversed, thus indicating that the amino groups in PfH" may

Fi ) ) . . interact weakly with the MOF hosts (note that there are
igure 3. Hysteretic host—guest interaction. Comparison of R—t curves . . . .

showing the guest-uptake/release behavior of ZnBTCA in a) single- intruding carboxyl O donors in both ZnBTCA and bio-MOF-
component solutions of PfH" and MB", and b) a solution of an 1), and the uptake of PfH" is slowed down in competition
equimolar PfH"/MB™ mixture. with MB*. Moreover, the open Watson—Crick sites in
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Figure 4. Variation of the host. a—c) Comparison of the top views of the accessible channels in ZnBTC (a),
ZnBTCA (b), and bio-MOF-1 (c). d—f) Side views of the host channels. The shapes of the channels are
highlighted by tubes in blue, and the results of pore-metrics analysis are shown (curves in red).

g—i) Comparison of the uptake behavior of ZnBTC (g), ZnBTCA (h), and bio-MOF-1 (i) in solutions of an

equimolar PfH"/MB" mixture.

ZnBTCA further contribute to the host—guest interactions,
thus giving rise to the hysteretic behavior of PfH", which is
absent for bio-MOF-1. Third, although the channels of
ZnBTCA are smaller and less uniform relative to those of
bio-MOF-1, the uptake of guests appears to be much faster
for ZnBTCA (Figure 4 h,i; see Figure S4 for single-compo-
nent uptake curves), thus suggesting distinct sorption kinetics.

We performed thermodynamic studies™ to quantify the
energetics of the unusual host-guest interactions between
ZnBTCA and PfH" (see the upper section of Table S3 in the
Supporting Information). The results indicate that the Lang-
muir model is sufficient for fitting all isotherms of both PfH*
and MB* adsorbed into ZnBTCA and bio-MOF-1 (see
Figure S6). The positive AH" values indicate that the sorption
process is endothermic, and the negative AG’ and positive
AS° values suggest that the spontaneous processes are mainly
due to entropy effects rather than enthalpy changes. This
effect is not well understood, but probably related to solvent—
guest complexation, which is ubiquitous in biological systems
in liquid media.'¥ The enthalpy and entropy changes in the
process of the adsorption of PfH" into ZnBTCA are greater
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than the values for MB*/
ZnBTCA, PfH'/bio-MOF-
1, and MB'/bio-MOF-
1 uptake, thus distinguishing
the energetic profiles of the
host—guest interactions in
ZnBTCA with open
Watson—Crick sites.

From kinetic studies at
low concentrations (see the
lower section of Table S3 in
the Supporting Informa-
tion),l”! we conclude that
the rates of uptake for both
PfH* and MB® into
ZnBTCA are clearly better
described by  pseudo-
second-order kinetics.** In
contrast, the pseudo-first-
order model gives a better
fit for the kinetics of bio-
MOF-1 (see Figures S7 and
S8). It was proposed that for

c) bio-MOF-1

i) o o a pseudo-second-order rate
” pnit mechanism, chemisorption
] might be significant in the
She rate-controlling step,
& 601 whereas the pseudo-first-
80+ order model fits better for
1001 physisorption, in which the

0 2 4 6 8 10121416 18 20

t(h)

rate of the initial reaction
period is crucial.'® The
overall rate constants (k,)
for the adsorption of PfH"
into ZnBTCA are about two
to four times greater than
those for MB™", whereas the
order for the initial sorption
rate (h) is reversed (i.e. PFH"' <MB"). These factors may
explain the hysteretic behavior observed for PfH" in the
presence of MB" (Figure 3b). The calculated Arrhenius
activation energy (E,) for the adsorption of PfH" into
ZnBTCA (55.6 kJmol™') is also much greater than that in
the other three cases. It was proposed that physisorption
processes usually exhibit activation energies in the range of 5—
40 kJmol™', whereas higher activation energies (40—
800 kJmol ') suggest chemisorption.'*”! Therefore, all these
kinetic parameters also support the unique role of the open
Watson-Crick sites in interacting with PfH" when it is
adsorbed into ZnBTCA, thus suggesting the formation of
chemical bonds of moderate strength.

On the basis of the above interesting host—guest chemis-
try, we envisaged that prevalent adenine—thymine (A-T) base
pairing could still occur in the constrained nanospaces of
ZnBTCA. It is well accepted that individual A-T binding (as
opposed to the collective base pairing in DNA double
strands) can only occur in aprotic solvents (e.g. CHCl; or
CCl,), rather than polar protic (e.g. H,O or CH;OH) and
polar aprotic solvents (e.g. DMF), because hydrogen-donor/
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acceptor competitors should be avoided."*"! For comparison,
the A-T pairing tests were performed in both CHCI; and
DMF as solvents. It was found that ZnBTCA could adsorb
a significant amount of thymine in CHCI; (the resulting
material is denoted as ZnBTCA-T), whereas it showed almost
no uptake in DMF, as expected (see Figure S9).

We were pleased to find that the host framework
responded adaptively to thymine binding (Figure 5); such
behavior was not observed for dye uptake, even for PfH™ (see
Figure S16a). The A-T base pairing was confirmed by the

Figure 5. Adaptive host—guest recognition. Comparison of the host
frameworks a,b) ZnBTCA and c—e) ZnBTCA-T. The global views (a,c)
show lattice twisting (unit cells shown in blue) and the reorientation of
the channel-connecting gates (marked with orange stars). The local
views (b,d) show the reoriented open Watson—Crick sites pointing
toward the channels after A-T binding (the thymine configuration was
optimized by DFT calculations). Guest-binding pockets (e) highlighting
the host—guest fitting of shape and specific binding sites (the Connolly
surface of the host is colored according to polarity).

following evidence: 1) Both IR and Raman spectra (see
Figures S10 and S11) showed vibrational peaks characteristic
of the doubly hydrogen bonded Watson—Crick sites of A and
T. 2) The subsequent dye uptake of ZnBTCA-T decreased
drastically for PfH" but only moderately for MB" (see
Figure S12). This result in turn confirms the host-guest
interaction between PfH" and the Watson—Crick sites.
3) The bond parameters around the adenine Watson—Crick
sites are slightly altered (see Figure S13), especially for the
amino C—NH, bonds, which are elongated from around 1.30
(ZnBTCA) to 136 A (ZnBTCA-T), very close to that (ca.
1.36 A) for the A-T base pair in B-DNA." More interest-
ingly, half of the adenine residues reorient upon A-T binding,
with the Watson—Crick sites pointing toward the channels
(compare Figure 5b,d), which causes a drastic distortion of
the crystal lattice (compare Figure 5a,c).l %]

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Unfortunately, the precise positions of the bound thymine
could not be resolved in the X-ray diffraction study, possibly
because the necessity to lower the concentration of thymine
and shorten the immersion time to maintain the single
crystallinity of ZnBTCA-T in CHCl; (see Figure S16b) is
unfavorable for the equilibration of uptake and the formation
of a periodic pattern of host—guest binding sites. On the other
hand, the binding process may be affected by solvent—guest
complexation, which would obscure the determination of
guests, as found for the entropy-driven process in dye uptake.
Further studies taking into account the solvent-guest com-
plexation could be valuable, by analogy with insight obtained
for biological systems.'¥! In this case, we instead used grand
canonical Monte Carlo (GCMC) and periodic density func-
tional theory (DFT) simulations to study the A-T binding
(see the Supporting Information for computational details).

The GCMC simulations revealed that the thymine guests
are distributed statistically around two major regions: the
adenine Watson—Crick faces and the benzene rings in BTC,
thus suggesting the host-guest interactions can be mainly
attributed to base pairing and si—x stacking (see Figure S14 a).
We then performed DFT calculations to optimize the possible
A-T binding configuration within the constrained pockets in
ZnBTCA-T. Canonical Watson—Crick base pairing is disfa-
vored owing to severe steric hindrance caused by the thymine
methyl group in such a binding mode (see Figure S14b). In
contrast, the reverse Watson—Crick base pairing!"® was found
to be a reasonable binding mode in ZnBTCA-T (Figure 5d).
The optimized local geometry exhibits slightly longer hydro-
gen bonds relative to those in B-DNA,M thus showing
a distorted pattern of the A and T planes (see Figure S14c).
The energetics is compensated by additional contacts
between thymine and other host sites (e.g. the carboxyl
O atoms and coordinated H,O), which lead to a quadruple-
hydrogen-bonding motif for each guest. Such peripheral
interactions may be responsible for the dynamic response and
the shape fitting in the guest-binding pockets of the host
(Figure 5¢).'% This behavior is reminiscent of the adaptive
recognition of nucleic-acid aptamers,”® but in this case the
adaption is of a global nature.

In this study, a four-stage, sequential experiment-hypoth-
esis causality unfolded: 1) A new adenine-based MOF,
ZnBTCA, was synthesized and characterized. It was envis-
aged that the combination of porosity and specificity (i.e. with
open Watson—Crick sites) may give rise to interesting host—
guest chemistry. 2) Two complementary sets of control
experiments (i.e. the variation of guests with a particular
host and the variation of hosts with particular guests) were
designed with the aim of clarifying the spatial effect and host—
guest interactions. It was then found that two of the guests had
special properties in terms of sorption kinetics. 3) We then
performed thermodynamic and kinetic studies to interpret the
unusual hysteretic host—guest interaction. These studies
revealed a unique energetic profile involving weak chemical
bonding for the open Watson—Crick sites, which interact with
guests bearing amino groups. 4) Although all three spatial
degrees of freedom seem to be fixed in the three-periodic
constrained nanospaces, the prevalent A-T base pairing
confers unexpected adaptive recognition within the guest-
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binding pockets, as supported by several pieces of indirect,
consistent evidence. The implication of global adaptation,
that is, biomimicry with periodicity, may enable the dichot-
omic borders that delineate biology and materials science to
be stretched further.

Keywords: adaptive chemistry - host—guest chemistry - metal—
organic frameworks - supramolecular recognition - Watson—
Crick base pairing
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