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Abstract: We have found a novel type of morphological chiral tuning on inorganic helical crystals through
stereochemical recognition of organic molecules. Helical forms consisting of twisted twins emerged from
triclinic crystals under diffusion-limited conditions. The proportion of the right- and left-handed helices was
precisely tuned with the addition of a specified amount of chiral molecules, such as p- and L-glutamic
acids. The chiral molecules recognized the enantiomeric surface of the triclinic crystal and then changed
the growth behavior of the helical morphology. As a result, the microscopic chiral information, at a molecular
level, was amplified into the macroscopic helices consisting of inorganic achiral components.

Introduction centered-cubic metal has been observed in many combina-
The concept of “left” or “right”, as it relates to various scales tions®° Addadi, Mann, and co-workers reported that crystals,
and fields in nature, is a fundamental and fascinating phenom-including calcite'? magnetite}® and calcium oxalat& grown
enon in any agé:® Biological architectures, including those in a biological process through stereochemical interaction, have
for amino acids, sugars, DNA, proteins, shells, and tendrils, have macroscopic chiral morphology?®! Habit modification with
chirality at a specified levét.” The chiral architectures in  stereochemical adsorption of a chiral molecule on a speci-
different hierarchies and categories are correlated with eachfied crystal plane has also been experimentally demonstfatéd.
other. For example, the right- and left-handed forms of a snail's However, the influence of the chiral molecule just appeared as
body are induced by a single gene speciatidimne recognition a reduction of geometrical symmetry on the forms.
of chirality is imperative for the understanding of living Microscopic chirality at a molecular level is well investigated
organisms. Many complex phenomena in life are easily under- in modern chemistry’~22 The asymmetric synthesis and optical
stood through the recognition of molecular chirality; examples resolution of various chiral organic compounds, using asym-
of such phenomena are enzymes and substrates or antibodies
and antigens. A considerable amount of attention has been given (9) Hazen, R. M.; Sholl, D. SNat. Mater.2003 2, 367-374. (Review of
to understanding the phenomena related to chirality and its (;q igﬁfggg'ﬂeg'cg' f,‘ig?,?;;,'r?"g Power, T. D. Phys. Chem. B001, 105

recognition process because of its significance and broad range ~ 4771-4782. (b) Lorenzo, M. O.; Baddeley, C. J.; Muryn, C.; Raval, R.
f influen Nature200Q 404, 376-379. (c) McFadden, C. F.; Cremer, P.S.; Gellman,
of Intfluence. A. J.Langmuir1996 12, 2483-2487. (d) Sholl, D. SLangmuir199§ 13,
Recently, much effort has been devoted to clarification of 8862-867. (Stereochemical adsorption of chiral molecule onto metal
surface

. " )
various types of molecular recognitiSnThe concept of (11) (a) Mann, S.; Archibald, D. D.; Didymus, J. M.; Douglas, T.; Heywood,

stereochemical recognition between a chiral molecule and an B. R.; Meldrum, F. C.; Reeves, N. Sciencel993 261, 1286-1292. (b)

. . Cintas, P Angew. Chem., Int. EQ002 41, 1139-1145. (c) Addadi, L.;
inorganic crystal surface has been explored over the past Weiner, S.Angew. Chem., Int. Ed. Engl992 31, 153-169. (Stereo-

decade:89%-16 Many reports suggest the significance and chemical recognition in biomineralization; see these reviews and references
; P SR ; ; therein.)
potential for app'l|cat|ons, suc_h as biomimetic ;ynthe5|s, hetero- (12) (a) Young, J. R.; Didymus, J. M.; Bown, P. R.; Prins, B.; Manraiure
geneous catalysis, and chemical sen&dsSelective adsorption t9_92 356, 5L1€rv\5/18. (b)S Axggb(?rgl_,cﬁl: Hgnsogi 939.;5 I;ogtlzﬁh 2T2 F.;
. . . . eiserowitz, L.; Weiner, S.; adi, em. Eur. , .
of a chiral molecule onto the high-Miller-index surface of face- (©) Aizenberg, J.. Hanson, J.; Koetzle, T. F.. Weiner, S.: Addadi, Am.

Chem. Soc1997 119, 881-886. (Calcite.)
(1) (a) Lough, W. J.; Wainer, |. WChirality in Nature and Applied Scienge (13) Mann, S.; Sparks, N. H. C.; Blakemore, R.F@oc. R. Soc. London B

CRC Press: Oxford, 2002. (b) Hicks, J. Khirality; ACS Symposium 1987 231, 477-487. (Magnetite.)
Series 810; American Chemical Society: Washington, DC, 2002. (14) Bouropoulos, N.; Weiner, S.; Addadi, Chem. Eur. J2001, 7, 1881~
(2) Cintas, PAngew. Chem., Int. E2002 41, 1139-1145. 1888. (Calcium oxalate.)
(3) Mason, S. FNature1984 311, 19—23. (15) Orme, C. A.; Noy, A.; Wiezbicki, A.; McBride, M. T.; Grantham, M.;
(4) Ueshima, R.; Asami, TNature 2003 425 679. Teng, H. H.; Dove, P. M.; DeYoreo, J. Blature 2001, 411, 775-779.
(5) Rowan, A. E.; Nolte R. J. MAngew. Chem., Int. EAL998 37, 63—68. (Calcium carbonate.)
(6) Nijenhuis, K.Adv. Polym. Sci1997, 130, 160-238. (16) Cody, A. M.; Cody, R. DJ. Cryst. Growth1991, 113 508-519. (Calcium
(7) (a) Lawrence, D. S.; Jiang, T.; Levett, @hem. Re. 1995 95, 2229~ sulfate.)
2260. (b) Amabilino, D. B.; Stoddart, J. Ehem. Re. 1995 95, 2725- (17) Morrison, J. DAsymmetric Synthesi8cademic Press: New York, 1983.
2828. (18) (a) Kondepudi, D. K.; Asakura, KAcc. Chem. Re001, 34, 946—-954.
(8) (a) Lehan, J. MAngew. Chem., Int. Ed. Endl99Q 29, 1304-1319. (b) (b) Pagni, R. M.; Compton, R. NCryst. Growth Des2002 2, 249-253.
Mann, S.Nature1988 332 119-124. (c) Davankov, V. AChirality 1997, (19) Kondepudi, D. K.; Kaufman, R. J.; Singh, Sciencel99Q 250, 975-
9, 99-102. (d) Weissbuch, I.; Addadi, L.; Lahav, M.; Leiserowitz, L. 976.
Sciencel99], 253 637-645. (e) McBride, J. M.; Bertman, S. Bingew. (20) (a) Kondepudi, D. K.; Laudadio, J.; Asakura, K.Am. Chem. S0d.999
Chem., Int. Ed. Engl1989 28, 330-333. (Key reviews of molecular 121, 1448-1451. (b) Asakura, K.; Hayashi, M.; Osanai,Ghirality 2003
recognition.) 15, 238-241.
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metric catalysis and several other methods, are essential for oupeptides. In these cases, the handedness of the macroscopic

life.1” Chiral symmetry breaking on crystallization of sodium
chloraté® and 1,1-binaphthyl2° which provide optically active

crystals, has also been demonstrated in both theoretical and

experimental studie’$-2° Helical sense of supramolecular struc-
tures, including polymer chairfdjiquid crystals?? and helicates
(metal-ligand complexes}? is generally determined by the
chirality in unit molecule$:2¥-23 Helical arrangement of atoms

helices is naturally determined by the microscopic chirality of
the componentd334.37

In recent years, macroscopic inorganic helices have attracted
considerable interest; examples of such materials are carbon-
ates3® potassium dichromafé barium sulfate?? silica—surfac-

tant composité! manganese oxid®,and carbon coil43 How-

ever, these new classes of chiral architectures consisting of

or ions in several inorganic crystals was demonstrated in cesiuminorganic components have not been fully understood because

copper chloridé* and gold nanowiré® both by experimental

the helical forms were not composed of chiral components.

and theoretical studies. The study of open-framework materials Moreover, the chirality of the macroscopic inorganic helices
with helically arranged molecules and micropores was focused was hardly controlled in the previous studies.

on their ability to participate in chiral catalysis or act as separa-

tion media®
Macroscopic helical forms found on the assembly of macro-
molecule&27-33 and polymer¥—3¢ are a typical morphology

We have already reported the emergence of the helical mor-
phology consisting of inorganic crystals without chiral mol-
ecules***>Helical forms were produced upon diffusion-limited
growth of triclinic crystals, such as potassium dichromate and

having chirality, or handedness. The presence of chirality on boric acid, in various kinds of gel media. The backbone of the
the unit molecules plays an essential role for the formation of helical architecture was found to be composed of twisted-twin
the helical morphology through a twisted assembly. Sugawara crystals of the platy subunit cryst#fsWe observed an equal

et al. prepared a composite of peptides and calcium carbonateamount of right- and left-handed helical forms in gel media

with right- and left-handed helical ribboR$The formation of
the helical morphology is also ascribed to the chirality of the

(21) (a) Yashima, E.; Maeda, K.; Sato, D Am. Chem. So€001, 123 8159~
8160. (b) Green, M. M.; Peterson, N. C.; Sato, T.; Teramoto, A.; Cook,
R.; Lifson, S.Sciencel995 268 1860-1866. (c) Green, M. M.; Garetz,
B. A.; Munoz, B.; Chang, HJ. Am. Chem. Sod.995 117, 4181-4182.
(d) Prince, R. B.; Brunsveld, L.; Meijer, E. W.; Moore, J./81gew. Chem.,
Int. Ed. 200Q 39, 228-230. (e) Green, M. M.; Park, J. W.; Sato, T.;
Teramoto, A.; Lifson, S.; Selinger, R. L. B.; Selinger, JAhgew. Chem.,
Int. Ed. 1999 38, 3138-3154 and references therein. (Helical polymer
chains.)

(22) Solladie G.; Zimmermann, R. GAngew. Chem., Int. Ed. Endl984 23,
348-362 and references therein.

(23) (a) Lehn, J.-M.; Rigault, A.; Siegel, J.; Harrowfield, J.; Chevrier, B.; Moras,
D. Proc. Natl. Acad. Sci. U.S.AL987, 84, 2565-2569. (b) Piguet C.;
Bernardinelli, G.; Hopfgartner, GChem. Re. 1997, 97, 2005-2062. (c)
Albrecht, M.Chem. Re. 2001, 101, 3457-3497. (d) Cui, Y.; Ngo, H. L.;
Lin, W. Chem. Commur2003 1388-1389. (e) Ireland, P. R.; Penfold, B
R.; Robinson, W. TJ. Chem. Soc., Chem. Commuaf7Q 486-487. (f)
Knof, U.; Zelewsky, A.Angew. Chem., Int. EAL999 38, 302-322 and
references therein. (Helicates.)

(24) (a) Hirotsu, SJ. Phys. C: Solid State Phys975 8, L12—L16. (b) Hirotsu,

S. J. Phys. C: Solid State Phyd977 10, 967-985. (c) Koiso, T.;
Yamamoto, K.; Hata, Y.; Takahashi, Y.; Kita, E.; Ohshima, K.; Okamura,
F. J. Phys. Condens. Mattet996 8, 7059-7065.

(25) (a) Guseren, O.; Ercolessi, F.; Tosatti, BEhys. Re. Lett. 1998 80, 3775~
3778. (b) Kondo, Y.; Takayanagi, KScience200Q 289, 606—608.

(26) (a) Soghomonian, V.; Chen, Q.; Haushalter, R. C.; Zubieta, J.; O’Connor,
C. J.Sciencel993 259 1596-1599. (b) Harrison, W. T. A,; Gier, T. E.;
Stucky, G. D.; Broach, R. W.; Bedard, R. 8hem. Mater1996 8, 145—
151. (c) Kniep, R.; Will, H. G.; Boy, I.; Rbr, C. Angew. Chem., Int. Ed.
Engl. 1997 36, 1013-1014. (d) Gier, T. E.; Bu, X.; Feng, P.; Stucky, G.
D. Nature 1998 395, 154-157. (e) Neeraj, S.; Natarajan, S.; Rao, C. N.
R. Chem. Commun1999 165-166. (f) Yilmaz, A.; Bu, X.; Kizilyalli,
M.; Stucky, G. D.Chem. Mater200Q 12, 3243-3245. (g) Liang, J.; Wang,
Y.; Yu, J.; Li, Y.; Xu, R.Chem. Commur2003 882-883. (h) Cheetham,
A. K.; Férey, G.; Loiseau, TAngew. Chem., Int. EAL999 38, 3268—
3292 and references therein.

27) (a) Georger, J. H.; Singh, A.; Price, R. R.; Schnur, J. M.; Yager, P.; Schoen,

E.J. Am. Chem. Sot987, 109 6169-6175. (b) Spector M. S, Sellnger
J V Singh, A.; Rodriguez, J. M.; Price, R. R.; Schnur, J. LMngmwr
1998 14, 3493—3500. (c) Markowitz, M.; Singh, ALangmuir199l 7,
16—18. (d) Giuleri, F.; Krafft M. P.; Riess, J. GAngew. Chem., Int. Ed.
Engl. 1993 33, 1514-1515. (e) Thomas, B. N.; Lindemann, C. M.;
Corcoran, R. C.; Cotant, C. L.; Kirsch, J. E.; Persichini, B. Am. Chem.
S0c.2002 124, 1227-1233. (Phospholipid.)

(28) (a) McClellan, A. LJ. Chem. Phys196Q 32, 1271-1273. (b) Tachibana,
T.; Kambara, HJ. Am. Chem. Sod 965 87, 3015-3016. (Surfactant.)

(29) (a) Frankel, D. A.; O'Brien, D. FJ. Am. Chem. S0d.994 116, 10057
10069. (b) Ihara, H.; Takafuji, M.; Hirayama, C.; O’'Brien, D.langmuir
1992 8, 1548-1553.

(30) Hanabusa, K.; Yamada, M.; Kimura, M.; Shirai, Mngew. Chem., Int
Ed. Engl. 1996 35, 1949-1951.

(31) Engelkamp .; Middelbeek, S.; Nolte, R. J. 8tiencel999 284 785—

(32) Sumlyoshl T.; Nishimura, K.; Nakano, M.; Handa, T.; Miwa, Y.; Tomioka,
. J. Am. Chem. So@003 125 12137-12141.
(33) (a) QOda, R.; Huc, I.; Schmutz, M.; Candau, S. J.; Mackintosh, Rafure
1999 399 566-569. (b) Berthier, D.; Buffeteau, T.; Leger, J. M.; Oda,
R.; Huc, I.J. Am. Chem. So@002 124, 13486-13491.
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composed of synthetic polymers including poly(vinyl alcohol)
and poly(acrylic acid). In these cases, the main role of the gel
media was formation of a diffusion field with suppression of
the diffusion of solute4*4>On the other hand, right-handed
helices were dominantly obtained in a gel matrix consisting of
a biological macromolecule, such as gelatin, agar, and pectin.
These results suggest that biological molecules with chirality
had a remarkable influence on the morphological chirality of
the macroscopic helical forms of the twisted twins. However,
the detailed mechanism for the transfer of molecular chiral
information into the crystal morphology was not to be clarified
because of its complexity.

(34) (a) Li, C.Y.; Cheng, S. Z.D.; Ge, J. J.; Bai, F.; Zhang, J. Z.; Mann, I|. K.;
Harris, F. W.; Chien, L. C.; Yan, D.; He, T.; Lotz, BPhys. Re. Lett.
1999 83, 4558-4561. (b) Li, C. Y.; Yan, D.; Cheng, S. Z. D.; Bai, F.; He,
T.; Chien, L. C.; Harris, F. W.; Lotz, BMacromoleculed999 32, 524—
527.(c) Li, C. Y.; Ge, J. J.; Bai, F.; Calhoun, B. H.; Harris, F. W.; Cheng,
S. Z. D.; Chien, L. C.; Keith, H. DMacromolecules2001, 34, 3634—
3641. (d) Li, C. Y.; Cheng, S. Z. D.; Weng, X.; Ge, J. J.; Bai, F.; Zhang,
J. Z.; Calhoun, B. H.; Harris, F. W.; Chien, L. C.; Lotz, B. Am. Chem.
Soc.2001, 123 2462-2463. (e) Weng, X.; Li, C. Y.; Jin, S.; Zhang, D.;
Zhang, J. Z.; Bai, F.; Harris, F. W.; Cheng, S. Z.Nbacromolecule2002
35, 9678-9686. (Polymer crystal.)

(35) Lindsell, W. E.; Preston, P. N.; Seddon, J. M.; Rosair, G. M.; Woodman,
T. A. J.Chem. Mater200Q 12, 1572-1576. (Polymer crystal consisting
of achiral monomer unit.)

(36) Liu, J.; Zhang, F.; He, TMacromol. Rapid Commur2001, 22, 1340~
1343

(37) Sugawara, T.; Sawa, Y.; Ohkawa, K.; Yamamoto,M&cromol. Rapid
Commun2003 24, 847—851.

(38) (a) Garcia-Ruiz, J. Ml. Cryst. Growthl1985 73, 251-262. (b) Gower, L.
A.; Tirrell, D. A. J. Cryst. Growth1998 191, 153-160. (c) Terada, T.;
Yamabi, S.; Imai, HJ. Cryst. Growthi2003 253 435-444. (Carbonates.)

39) (a) Suda, J.; Nakayama, T.; Nakahara, A.; MatsushitaJ.MPhys. Soc.
Jpn. 1996 65, 771-777. (b) Suda, J.; Nakayama, T.; Matsushita, M.
Phys. Soc. Jpnl998 67, 2981-2983. (Potassium dichromate.)

(40) (a) Hopwood, J. D.; Mann, £hem. Mater1997, 9, 1819-1828. (b) Li,
M.; Mann, S.Langmuir200Q 16, 7088-7094. (Barium sulfate.)

(41) (a) Yang, S. M.; Sokolov, I.; Coombs, N.; Kresge, C. T.; Ozin, GA&u.
Mater. 1999 11, 1427-1431. (b) Kim, W. J.; Yang, S. MAdv. Mater.
2001 13, 1191-1194. (c) Seddon, A. M.; Patel, H. M.; Burkett, S. L,;
Mann, S.Angew. Chem., Int. EQR002 41, 2988-2991. (d) Kim, W. J.;
Yang, S. M. Adv. Mater. 2003 13, 1191-1195. (Silica-surfactant
composite.)

(42) (a) Giraldo, O.; Brock, S. L.; Marquez, M.; Suib, S. L.; Hillhouse, H.;
Tsapatsis, MNature200Q 405 38. (b) Giraldo, O.; Marquez, M.; Brock,
S. L.; Suib, S. L.; Hillhouse, H.; Tsapatsis Am. Chem. So200Q 122
12158-12163. (Manganese oxide.)

(43) (a) Baker, R. T. K.; Harris, P. S.; Terry, Sature1975 253 37-39. (b)
Amelinckx, S.; Zhang, X. B.; Bernaerts, D.; Zhang, X. F.; lvanov, V.; Nagy,
J. B. Sciencel994 265 635-639. (c) Yang, S.; Chen, X.; Motojima, S
Appl. Phys. Lett2002 81, 3567-3569. (Carbon coil.)

(44) Oaki, Y.; Imai, H.Cryst. Growth Des2003 3, 711-716.

(45) Imai, H.; Oaki, Y.Angew. Chem., Int. EQR004 43, 1363-1367. This
report focused on the emergence of the helical forms consisting of triclinic
crystals.
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In the present study, we investigated the fundamental effects
of chiral additives on the macroscopic helical forms and its
potential for the chiral tuning behavior. Potassium dichromate
was selected as the triclinic crystal to form helical morphology.
Poly(acrylic acid) was adopted as gel medium to achieve a
diffusion-limited growth condition because it fundamentally
provides equal amounts of right- and left-handed helices. Thus,
the influence of simple chiral additives, such as two enantiomers
each of glutamic acid (Glu) and aspartic acid (Asp), on the
handedness of the macroscopic helices could be estimated. Her
we successfully demonstrated that the microscopic chirality at
a molecular level on the additives was transferred onto the right-
or left-handed helices of the twisted-twin crystals at a macro-
scopic level. Moreover, the proportion of the right- or left-
handed helices was precisely tuned by the mixing ratio of the
two enantiomers. Stereochemical recognition between a chiral
molecule and a specified crystal plane played a key role in
controlling the morphological chirality.

Experimental Section -

A triclinic crystal of potassium dichromate §&r,O;, Kanto Chemi-
cal, 99.5%) was grown in a poly(acrylic acid) (PAK, = 250 000,
35 wt % aqueous solution, Aldrich Chemical) gel medium to achieve :
diffusion-limited growth conditions. Two enantiomers each of glutamic ~ #ilé oyl "
acid - andL-Glu, Junsei Chemical, 99.0%) and aspartic abid\ép, | 2vm MEAR :
Wako Pure Chemical, 98.0%:Asp, Tokyo Kasei Kogyo, 98.0%), a Figure 1. Typical FESEM images (ae) and structure {fh) of the helical
total of four different molecules, were adopted as the chiral additives. architectures. (a and b) The backbone of the helical morphologies consisting
Iminodiacetic acid (IDA, Tokyo Kasei Kogyo, 98.0%), citric acid (CA, of platy crystals With a specific tyvisted assembly._(c and d) Typical right_—
Junsei Chemical, 99.5%), and malonic acid (MIoA, Junsei Chemical, and left-handed helices, respectively. (e) FESEM image around the starting

o ) ; . - point, which provides right- and left-handed helices on the opposite sides.
99.0%) were used as the achiral molecules in a contrasting expenment.(f) A tilted subunit of a KCrO; crystal. (g and h) A schematic model for

Stock solutions containing 20 g dthof K;Cr:O; and @ 20 g dm*  jght. and left-handed helices composed of twisted twins with the tilted
commercial PAA aqueous solution (35 wt %) were prepared using subunits.

purified water at room temperature. The chiral or achiral additives were
added into 10 ciof the stock solutions while the solutions were stirred.
Two enantiomers of the chiral additives were mixed at a specified ratio.
The total amount of chiral additives was kepBag dnt3. The mixing
ratio of the two enantiomers was described as enantiomeric excess (ee);
which is defined as the relative concentration differerce  C.)/
(Co + C.). Enantiomeric excess was varied in ee —1.0 (pure
L-additives),—0.5, 0 (racemic), 0.5, and 1.0 (pupeadditives). After
the additive was completely dissolved; 3 mnm2 (uL) of the precursor
solution were dropped on glass slides. The substrate was maintained
at 25 °C in the ambient atmosphere, and then crystal growth was u
achieved by the evaporation of water from the droplets. Crystal
morphologies were observed using a field-emission scanning electron§
microscope (FESEM, Hitachi S-4700).

. . ;ight_-handed
Results and Discussion

Emergence of Helical Morphology in Gel Media.We have
already reported on helical forms 0b®r,O- crystals grown in A ifres i
various kinds of gel media, as shown in Figur¢>1The Figure 2. Typical FESEM images of the 4Cr,0; helical architectures
backbone of the helices was composed of platy subunits throughgrown in PAA gel matrix without the additives after evaporation of water.
a twisted assembly with a specific direction and angle. The angle (a) Spherulitic morphology. (b) Branches having a helical architecture in
of the twisted assembly was fixed at°l@r K,Cr05, though the spherulite. (c and d) Right- and left-handed helical forms, respectively.
the rotated direction was just reversed for right- (Figure da twin model for the helical morphology, as shown in Figure
and left-handed helices (Figure 1d). Figure 1e shows an FESEM1g,h#> In the helical backbone, the tilted subunits are aligned
image for the starting point of the helical growth, such as the along thel®10direction, with a counterclockwise rotation of
center of a spherulitic morphology shown in Figure 2. The right- ca. 12. This model implied that right- and left-handed helices
and left-handed twists were produced on the opposite sides ofconsisting of the twisted twins are formed along-fll0] and
the starting point (Figure %eh). The results of FESEM  [010] with regard to the opposite directions from the primary
observation and XRD measurement indicated that the subunitssubunit at the nucleation site, respectively. Therefore, we could
of the backbone were a tilted component ¢fd&07, which is obtain the equal amounts of right- and left-handed helices. The
surrounded with th¢010;, {001}, and{2—11} planes, as shown helical forms were produced with the triclinic crystals, grown
in Figure 1f#45According to these facts, we proposed a twisted- with a diffusion-limited condition in gel medi#:*>The forma-
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Table 1. Average Proportion of the Right- and Left-Handed 100 Qr
Helices (a) Glu
PAA only achiral chiral 75
additives no. IDA2 ~ CA®  MIoA° ©p-Glu L-Glu D-Asp L-Asp

right %)  49.9 49.7 444 470 692 309 652 32.0
left (%) 50.1 503 556 53.0 308 69.1 348 68.0
errof (%) 28 37 71 41 41 34 43 45

left-handed structure [ % ]
g

samples 17 4 5 3 6 6 12 8 2 R
L <= racemic =) D
a]DA = iminodiacetic acid® CA = citric acid. ¢ MloA = malonic acid. 0 e O
d Standard deviation. 100 X

R (b) Asp

75

left-handad right-handed

left-handed structure [ % ]
8

P

L <= racemic =—p»_ D

0 0,

-1.0 -05 0 05 1.0

Figure 3. Influence of the chiral additives on growth of the right- and ee.[-]
left-handed helical forms. (a) Schematic illustration for distribution of the ~Figure 4. Macroscopic chiral tuning in region A (open squares) and region
right- and left-handed helices with addition »fGlu andp-Asp. Regions C (open circles) with increasing ee value. (a and b) The proportion of the
A, B, and C are the area surrounded by a circle with a radius of ca. 50, left-handed helices with addition of, L-Glu andp-, L-Asp, respectively.
500, and 100@m, respectively. (b) A typical FESEM image for the fade-
out of left-handed helices, with frequent branching of the right-handed On the other hand, the chiral Symmetry was kept everywhere
growth. in a spherulitic morphology with and without achiral additives.
Precise Tuning of the Morphological Chirality. We suc-
cessfully tuned the proportion of the right- and left-handed
helices by varying the ee of Glu and Asp (Figure 4). Open
squares in Figure 4 indicate the proportion of left-handed helices
with variation of ee in region A of Figure 3a. The initial pro-

tion of twisted twins with a certain rotational direction could

be explained considering a diffusion-limited growth in a specific
diffusion field around the growing surface of the tilted subunits.
However, the detailed mechanism for the formation of the

unique morpholqu s now under investigation, including portion of the left-handed helices (70%) atee-1.0 decreased
computer simulation. to approximately 55% at ee —0.5. Almost equal amounts of
Influence of Chiral Additives on the Helical Morphology. right- and left-handed structures were then obtained at 6e
After evaporation of water, within several hours, from the Finally, the dominance of the handedness was changed to 70%
droplet of K:CrO7 solution, the helical forms were obtained  of the right-handed forms at ee 1.0. Tuning the proportion
on the branches of a spherulitic morphology (Figure 2a,b). of right- and left-handed forms was achieved using the ee value.
Typlcal images of right— and left-handed helical-twin CryStalS Moreover, open circles in Figure 4 show the proportion
are shown in parts ¢ and d of Figure 2, respectively. The estimated in region C of Figure 3a. Considering the distribution
proportion of the right- and left-handed structures (%) listed in of the right- and left-handed helices, the more remarkable tuning
Table 1 was estimated from the area of I’Ight- and left-handed was achieved in the region Surrounding the Spheru“tes_
helices in the central region of spherulites (region A in Figure  The macroscopic chiral tuning is ascribed to stereochemical
3a). The chiral symmetry of the macroscopic helices was kept interaction between the chiral additives and the specific crystal
in the PAA gel matrix with and without the achiral additives. planes of KCr,0;. Although morphological modification by
On the other hand, chiral molecules remarkably influence the the stereochemical interaction was widely repofi&tf, 1+ 16 the
morphological chirality. About 70% of right- and left-handed nteraction of the chiral molecules was only observed as a habit
helices were obtained with the addition of d- and I-additives, modification and a reduction of symmetry on the Shape_ In this
respectively. Figure 3a shows a schematic illustration for the study, we recognized that the influence of the microscopic
distribution of the right- and left-handed helices in aSpherU”tiC Chira]ity appeared as a tuning effect of the morph0|ogica|
morphology with addition ob-Glu andp-Asp (ee= —1.0). chirality on helical forms of inorganic crystals prepared without
Since the chiral symmetry breaking was more extreme in the chiral information. The presence of the chiral molecules was
area farthest from the center, domination of right-handed helicesnot important for construction of the helical morphology, but it
was accelerated with growth of the helical branches from region was essential for tuning of the handedness of helices through
A to region C. The right-handed helical forms, which account stereospecific interaction at the interface.
for 70% of the growth in region A, increased with the growth Chiral Symmetry Breaking on the Helices through
in region B and then completely occupied region C. On the Molecular Recognition. It is generally accepted that chirality
other hand, left-handed helices were swallowed up by the growthresides at the crystal surface in the lower symmetry of crystal
of the right-handed forms with frequent branching (Figure 3b). systems, even if the bulk structure is not chiral. Many previous
The addition of -Glu andL-Asp (ee= 1.0), in contrast, induced  studies indicated that stereochemical interaction of the “top”
left-handed dominance with the disappearance of right-handedsurface with chiral molecules would be different from that of
forms. The selection and amplification of the macroscopic the “bottom”284.9.1516 Thys, the crystal growth at the specified
chirality with the crystal growth, as described here, are very planes, such as (010) and{00), would be selectively inhibited
interesting phenomena that are similar to the natural selection.by adsorption of a chiral molecule through stereochemical
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Figure 5. Schematic illustrations for (a) the fundamental structure of the helical morphology and (b and c) preferential formation of right- and left-handed
helices by selective inhibition of the growth in the [010] and-[®] directions, respectively.
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Figure 6. Schematic model for stereochemical recognition between the
{010} planes of KCr,O; and chiral molecules. (a and b) The surface
cleavage of the (010) and {@0) planes. (c and d) The structures of the
enantiomers for the amino acids.
recognition (Figure 5a). Assuming the crystallographic direction
of a KyCr,O; subunit, as shown in Figure 1f, the for-
mation of right- and left-handed helices is attributed to twisted
assembly, with a counterclockwise rotation in the-J@] and
[010] directions, respectively (Figure 5a). The fact that the right-
handed structure was dominantly obtained atek0 (Table 1

of the (0-10) and (010) planes are also reversed in Figures 1f,
5, and 6. The essence for the morphological chiral tuning on
the helical morphology is the selective interactionoefand
L-additives with the top and bottom planes of the inorganic
crystals. The structures of chiral molecules, suchbasand
L-amino acids, are reflected images of each other (Figure 6c,d).
Two carboxy groups and an amino group arranged around an
asymmetric carbon atom would play an important role for the
interaction with a solid surface. The surface cleavage of the
{013 planes composed of the A and B layers is illustrated in
Figure 6a,0648 The arrangements of the cations*(Kand
anions (G7) on the{010 planes are also mirror images, as
shown in P-Q—R and P-Q'—R' in Figure 6a,b.

These enantiomeric crystal surfaces could stereochemically
recognize the chiral molecules. The right-handed dominance
with addition ofpb-Glu andp-Asp implies affinity between the
p-additives and the (010) plane through stereospecific adsorp-
tion. In the same mannar;additives also selectively adsorbed
on the (0-10) plane. Finally, the stereospecific adsorption of
the amino acids on thg010G} plane would change the growth
behavior (Figure 5) and then control the proportion of the right-
and left-handed forms (Figures 3 and 4). In this way, the micro-
scopic chirality at a molecular level was transferred and ampli-
fied into macroscopic chirality through a stereochemical rec-
ognition process.

Conclusion

Helical twins were composed of triclinic inorganic crystals
without a chiral component. The morphological chirality at a
macroscopic level was precisely tuned with the addition of chiral
organic molecules. Stereochemical recognition between the
enantiomeric molecules and crystal surfaces was essential for
the chiral amplification. The molecular recognition mediating
chirality is extremely important for understanding complex
phenomena in biological systems. Moreover, crystal design with
the use of molecular recognition is expected to be widely
applicable to various types of material fabrication.
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