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New organic molecules are designed, with synthesis in of this kind. This can be made a well-defined combinatorial
mind, to fit the shape of the thin and thick rhombs of the  problem, but the answer is unlikely to be found by a direct
Penrose tiling and self-assemble by hydrogen bonding into computer search, as there are far too many combinations i~
nearly flat sheets (that may stack face-to-face) following test. It is the chemical intuition of the human mind coupled
the matching rules. with computer modelling that can solve this problem — we are
pleased to have designed the meaningful new molecules th~*
The eesthetics of pure mathematics is sometimes only one stege likely to be the sought ones, we report our theoreticatt fin
away from an empirical discovery of new physical phenom-ings here and hope that the art and science of organic systhes
ena. So is the case with the Penrose ti]r'rﬁg— it was only  would one day materialize them.
ten years later that the metallic quasicrystals were diseaf . . . :
whose structure can be explairfely the aperiodic filling of Our design of the molecular tiles goes through the imag-
pative generation of ideas of their structure and the compu-

space. The analogy between the tiling problems ofmathemat tional tests of their fit th derlving desi .
ics and the packing of atoms in solids is not full, however, as"’I1 'ona .es sto b ?‘Ilr II'IZ]estsr; N lun <|ar ylnrg]] Ejsl?nﬂp{;nc ¢
the interatomic potentials, unlike the rigid-body consaetl- Ples are: (a) to be tile-like, the molecules should be fiat an

low for much flexibility and the thermodynamics comes into r|g|o_l — fused aromatic six- and flve-mem_be_zred rings z?md othe;
play in the material world. Numerical simulations of qua- conjugat_ed groups are the natural pundmg_blocks, (b) the
sicrystals by simple lattice modélsnay draw a qualitative b.end_s with ang:(e&r:m/S arﬁ.madel W';h I;che fg/e-m;amberﬁd
picture, but the oversimplified interaction potentials diaot rings; (C) to make the matching rules followed, at leastehre

much to do with the metallic bonding. A molecule, unlike an hydrogen bonds with the right pattern on each rhomb edge

atom, can have a tile-like shape, so a logical questionsariseare needed. Full geometry optimization of molecular clus-

whethermolecular quasicrystals can be found in Nature. The ters W'tT _llpg? 70| mtolec_ulef (1:1010 a;gr:;?[hwas d(()jnfg by ot
so-called liquid quasicrystdid are micellar aggregates where Parametrizabie electronic structure moaawith a mo 3' \ca-
on of the linear-scaling density-matrix algorithf3s-3 im-

each micelle is a supramolecular assembly of many tree-likgl ted i ol A de. Thi tati
molecules and is believed to behave more like a spherica? er;elr? ef Irt] our par:e; etcotrpputr?r Ec.) ;.' 'S con:_pu ga;?na
particle. To the best of our knowledge, no experimental ob MOCeELIS fast enougn Tor testing the binding properties s te

servation of truly molecular quasicrystals has been replort of ;nolecule'z{s a worlﬂr;g d??/' atfew hupdredi_fft_atoms each
yet. We find only one line of theoretical reseaféhon a ~ 2Nd accurate enougnioratieasta semi-quantitative analys

molecular Penrose tiling in which the molecules are put imomtermolecular interactions including hydrogen bondimgl a

each of its nodes and make hydrogen bonds along the rhon%'StaCk'ng'
edges — to get the bonds at angles multiplerd the authors It took us about a hundred days of such work within two
took a tenfold-symmetric 10,5-coronene core and attachegears to find the first matching molecules (Fig. 1), the tHick
ethynylcarboxylic groups to it. Unfortunately, no syntisesf and the thin2. We see that these tiles fit together when we
10,5-coronene is known and this antiaromatic molecule seemook at the energy-minimized structures of molecular @rsst
likely to be nearly as unstable as its analog pentaigne that come from the optimization starting from a hand-drawr
One may wonder if two molecules can have the shape ofjuess, one such tiling shown in Fig. 2, although not ideall,
the Penrose rhomb tiles and bind to each other following thélat, is only slightly wavy (as seen from the side) and the er -
matching rules, and if yes, what are the smallest moleculesrgy cost for the flattening is low — its energy would rise by
as little as 3.7 kcal/mol if it were constrained tgGymme-
TEIectroni_c Supplementary Information (ESI) available: Atomdordinates try. The binding energies between molecules in such clsister
and energies of the molecular systems. See DOI: xx.xxx/ 00tk are close to additive and show an almost linear scaling with

@ Chemistry Department, Moscow Sate University, 119991 Moscow, Russia. .
E-mail: laikov@rad.chem.msu.ru the number of edge links — all the structures drawn schemat-
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H

H12C29N1002 (7) H10C17NgO4 (8)

Fig. 1 Matching rhomb tile molecules and fragments of their neighbors (X 3)CH
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Fig. 2 Atiling cluster of 20 thick and 10 thin rhomb molecules
(D)20(2)10, top and side view.
ically in Fig. 3 have been optimized and the atomic coordi- 20540 407450
; ; ; ; o .OX X
nates are given in the ESIAIl eight kinds of tiling nodes are 38.9¢40 38.7%50

there, with thick:thin count from 2:1 to 3:4, as well as th@tw -
unique series of five-fold symmetric clusters_ of growingesiz 25_&40 (23.6x50)
5:0, 20:5, 45:25, and 5:0, 20:10, 30:10. Watieve that if we
would go on computing the bigger clusters of our molecules LA

in these series, we would always get only the slightly wavy ‘*}!‘t
nearly flat structures — we are unaware of any exact mathemat- f“ﬁ‘}*’

ical theorem underlying this problem of imperfectly flat ape *‘Q’f‘y‘&tg}*

riodic tilings, and we, as chemists, would like to ask a hbrigh ﬂ;?s\fﬁ;?s

mathematical mind for any help. ."&&*’
Besides the edge-to-edge binding within the two- '{‘},‘

dimensional tiling layers, the stacking of the flat molesute 40.1x65 40 7% 125

form columns should also be studied. We have optimized the 38.4x65 38.7% 125

structures of the face-to-face stacked clusters £5:@:0), 34.3x65 34.0¢125

and (20:5) and get a nearly additive binding energies of (24.4<65) (23.7x125)

~248 kcal/mol (thick-thick) and~208 kcal/mol (thin-thin)

for the stacked pairs, these are quite large compared4® Fig. 3Binding energies (kcal/mol) of molecular tiling clusters:
kcal/mol for the edge links but still meaningful for such big (Mn@m; G)n(@m. G)n(E)m, (7)n(B)m, the values in brackets are for
flat molecules with 228 and 150 atoms. (Our computationaf-shSymmetry constrained geometries.

model! seems to overestimate both kinds of interactions by

~25% as judged by some limited calculations on smaller

fragments by more rigorous methods, but this semiquantital® Pe repeated periodically along the third dimension — we
tive level of accuracy is fairly enough for this work.) As bes €xpect this kind of quasicrystal to be the most stable phase a
seen in the (20:5)case, putting the atoms slightly off-top by room temperature.

~1A in the two layers is enough to relieve the electrostatic ~As for the chemical practicality, we believe that molecules
repulsion and allows the two-dimensional aperiodic tilingand2 are not too challenging and may even allow a conver-
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gent synthesis — the ethynyl linkers between the (aromatic)
six-membered rings can be attached using Pd-catalyzes-cros
coupling** of (aryl) halogenides and ethynyltrimethylsilane as
a reagent. The five-membered rings with X = £1E0, NH,

O, and S can be chosen, furthermore, some X = C(Si}g)bl

and alike would help to make the molecules bulkier and thus
weaken the stacking. If we need to put many six-membered
rings in a row, we keep in mind that the polyacenes up to
heptacene are known but are getting too unstable at that
end, so we take polyacenequinones of some kind instead,
they are more stable and easier to m&kehe synthesis of a
nonacenetriquinone is knowhand it gives us courage to put
such a fragment in the middle of our thin rhomb molecule.
Some bulky side groups instead of hydrogens can be added
to improve the solubility and to somehow fill the holes be-
tween the molecules as seen in Fig. 2, on the other hand, lay-
ered crystalline organic materials with pores of this siaeeh
been newly discoveréd, and our design may become the first
nanoporous molecular quasicrystal.

We have also sought smaller molecular tiles that might be
less synthetically challenging, and a natural way to shoink
big thick rhomb is to throw out some of its six-membered rings
— we replace every three fused ones with just one and get
rather nice molecul®. One may wonder why we have not
started from this very one, and the truth is we did, but we therfig. 4 A molecular tiling cluster§)20(4)10, top and side view.
gave up looking for the matching thin rhomb molecule, as the
space left for it seemed too narrow to fit all the needed hydro-
gen bonds, it was only much later that we did another braining out to the very corners and making two hydrogen bonds
storming and came up with a slim stiff molecular #leThese  each. Without these two side chains there would be such an
two smaller molecules fit each other well enough to buildunwanted cross-talk between the unbound dangling groups cf
free-standing one-layer tilings, the computed bindinggies  the neighboring molecules that the matching rules would be
(Fig. 3) of ~39 kcal/mol for each edge link are very close to no more working and the tiling would break down. As we put
what we get for the bigger ones. The 20:10 cluster shown irthe molecule$ and 6 together to build our one-layer tilings
Fig. 4 may seem too unsmooth, but it would cost an energyFig. 3), only the biggest 30:10 and 45:25 clusters hold to-
of 48.3 kcal/mol to bring it from g to Csy, symmetry — still  gether, but the smaller ones lose the flatness and fold wildly:
not so much divided over 30 molecules or 4030 atoms. Thénto heaps of stacks. This does not mean, however, that w=
stacking energies are now lower150 kcal/mol (thick-thick)  must fail here to get the three-dimensional quasicrystala
and~100 kcal/mol (thin-thin). As before, there is some spaceready the two-layer tilings, such as thg-&/mmetric one in
for chemical variation and substitution — various X group8i  Fig. 5, become stable and well-built, there seems to be soma
can be used, the five aromatic six-membered rings in the midaydrogen bonding between the layers (also thanks to the hy-
dle of4 can be rearranged and even more rings can be fused miroxyl groups of the flexible chains), the stacking energres
many ways, bulky groups can be attached to aromatic carboriess additive, roughly~110 kcal/mol (thick-thick) and-70
instead of H atoms. Needless to say, the chemical synthiesis &cal/mol (thin-thin), coming close to those of the four edge
such molecules would be still too far from straightforward.  links.

The finding of the smaller matching pair of molecules has To get the smallest molecular tiles, we have to take
cheered us up to try harder to seek out even smaller ones, asdme other hydrogen-bonding groups, as there seems G
we have found the way to shrirkkeven further still keeping be no way to further shrink the backbone. Of all knowr
the same hydrogen-bonding receptors at nearly the same atwo-ring heterocycles, we find a pyrazolopyridone (1H-
gles to gets. The space left for the thin rhomb molecule is pyrazolo[3,4-c]pyridin-7(6H)-one) to be unique in forrgia
now so narrow that we could not fit any monolithic molecule cyclic hydrogen-bonded pentamer — we believe it to be the
there that would have made all the hydrogen bonds needed, bsiallest building block to be put on the two sharp-anglesside
we have come up wits that has two flexible chains reach- of the thick rhomb. Thus we have designednd8 that might
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. . . . Fig. 6 Top and side view of a two-layer molecular tiling cluster
Fig. 5 Top and side view of a two-layer molecular tiling cluster [(?)30(8)10‘])2 y 9

[(5)20(6)10]2-

ical synthesis of such molecules and the study of their self:
assembly. A deeper theoretical insight into the thermody-
namics and kinetics of these binary mixtures from largdesca
molecular dynamics simulations with no periodic boundary
conditions would also be of great help to avoid the dead ends
in the experimental work by showing under what conditions
the quasicrystalline phase may exist. The design of thelemal
(or smallest) molecules of this kind allowing for the easier
(or easiest) chemical synthesis would be another way to go.
We believe that one day the two substances made up of th~
. . . &hin and thick rhomb-shaped molecules will be mixed in the
molecule? is crying for synthesis and calls the molecde golden ratio and do a chemical computation to solve the ape
to follow. riodic puzzle.

Looking forward to that happy day when the first quasicrys- e jngpiration to this work came in part from the two lec-
tal of this kind would be made, we have computed the X-ray; ;.ag given in Moscow by Dan Shechtman in 2012 and by Sir

diffraction patterns (Fig. 7 and 8) of our molecular cluster 4o penrose in 2013. The author thanks Roald Hoffmar.»
the incoming wave of length = 1.5418A (Cu K, ) falling for comments and encouragement.

normal to the tiling’s plane and the outgoing wavevectorpro

jection components in the range2r/(51). As the cluster

size grows, we see the 10-fold symmetric pattern to sharperReferences
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Fig. 7 Computed diffraction patterns (negative) &j{(2)s (top)
and (1)45(2)25 (bottom).

Fig. 8 Computed diffraction patterns (negative) 8j1(4)s (top)
and 3)45(4)25 (bottom).
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