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Abstract: Using the computer-aided molecular design approach, we recently reported the synthesis of
calix[4]hydroquinone (CHQ) nanotube arrays self-assembled with infinitely long one-dimensional (1-D) short
hydrogen bonds (H-bonds) and aromatic—aromatic interactions. Here, we assess various calculation
methods employed for both the design of the CHQ nanotubes and the study of their assembly process.
Our calculations include ab initio and density functional theories and first principles calculations using ultrasoft
pseudopotential plane wave methods. The assembly phenomena predicted prior to the synthesis of the
nanotubes and details of the refined structure and electronic properties obtained after the experimental
characterization of the nanotube crystal are reported. For better characterization of intriguing 1-D short
H-bonds and exemplary displaced 7— stacks, the X-ray structures have been further refined with samples
grown in different solvent conditions. Since X-ray structures do not contain the positions of H atoms, it is
necessary to analyze the system using quantum theoretical calculations. The competition between H-bonding
and displaced w— stacking in the assembling process has been clarified. The IR spectroscopic features
and NMR chemical shifts of 1-D short H-bonds have been investigated both experimentally and theoretically.
The dissection of the two most important interaction components leading to self-assembly processes would
help design new functional materials and nanomaterials.

. Introduction composed of nontubular subunitsvery recently, we have
reported self-assembling organic nanotubes composed of non-
‘tubular subunits of CH@ These nanotubes can be easily made
{hln and long and also in bundles. The self-assembled arrays of
nanotubes were initially designed by computational methods.
Now, the details of the computer-aided molecular design
approach and the further refined theoretical results (after
synthesis and X-ray and IR characterization of the organic
nanotube bundles) are reported here. The details of the previous

Hollow tubular self-assembled structures based on organic
molecules have attracted considerable attention because of thei
potential abilities for artificial biological channels, drug delivery,
nanochemical reactors, and nano-organic matekrialse first
stage of this type of research mainly focused on mimicking
biological systems such as tubular transmembrane channels.
Cyclic peptides and cyclodextrins have been used as tubular
subunits to construct tubular assembled structures. However,
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Figure 1. Schematic representation of (a) calix[4]quinone (CQ) and (b)

calix[4]hydroquinone (CHQ). CQ can be electrochemically transferred to
CHQ by accepting eight electrons and eight protons.

and the further refined experimental results (X-ray characteriza-

process of CHQ nanotube bundles. On the basis of first
principles calculations of the self-assembled CHQ nanotube
crystal, its electronic structure (including the density of states
and the band gap) is discussed. In terms of computer-aided
molecular design approach, we have tried to assess the suitability
of various computational methods that were employed for the
design of functional molecular systems and the investigation
of assembly phenomena.

In biochemical problems, in particular, in enzymatic mech-

tion, NMR chemical shifts, and IR spectroscopic analysis) are anisms, short strong H-bonds (SSHBs) have been an important
also added for a clear understanding of the intriguing structural issue***?While SSHBs are known to appear in charged systems
and spectral features along with 1-D H-bonding and displaced (in particular, in anionic systems with oxyanions around a H
7m—m stacking interactions. The 1-D H-bonds relay and the atom), the present short H-bonds appear in noncharged systems.
displacedr—x stacks are quite interesting in that the intriguing Therefore, the study of this type of H-bond strength is very
features of 2-D and 3-D H-bonds have been reported redently intriguing. In addition, the study of fantastically well-ordered
and the displaced versus edge-to-facer interaction&® have displacedr— stacks present in the CHQ nanotube bundles is
been an issue of intense interest. In particular, the study of very interesting. Thus, for better characterization of the CHQ
competition between H-bonding and displaced stacking ~ structure, we have added herein X-ray analysis of the CHQ
is extremely important because the two interactions are the mostcrystals grown in a different condition from the previously
important interaction components leading to self-assembly reported crystal. IR spectroscopic characterization for 1-D short
processes. H-bonds is of importance, and this experiment has been carried
CHQ is a reduced form of calix[4]quinone (CORuinone out along with normal-mode analysis. The NMR chemical shifts

(Q) is one of the major electron/proton carriers in biological
system$. It can be simply reduced to hydroquinones (HQ)
through electrochemical processes, as shown in Figite 1.
Although CQ and CHQ are likely to be similar in structure,

for the cone region comprised of four- groups H-bonded

in the CHQ monomer have been investigated both experimen-
tally and theoretically, and the chemical shifts for the short
H-bonds are predicted.

their supramolecular structures and properties are clearly dif- ||, Theoretical and Experimental Methods
ferent because of the difference in chemical binding between \ye have carried out theoretical investigation of the CHQ nanotube

carbonyl groups and hydroxyl groups. We have found that the systems to understand the assembly process as well as the geometrical
“cone” structures of CHQs can form hollow tubular structures. and electronic structures. Initial conformational studies for the assembly
Several predictions on many interesting molecular systems process were carried out using molecular mechanics and molecular
have recently been made with ab initio calculati$hin this dynamics (MD). In this case, many existing force parameters were not
regard, we here show how the arrays of CHQ nanotubes haveuseful for predicting reasonably correct conformers. The next step was
been designed from ab initio calculations so that this approach!© émploy semiempirical methods (such as PM3jhich provided
can be utilized to design other functional molecular systems useful initial geometries of various conformers. Then, the density
We have studied the relative energies of various conformers O'ffunctional calculations were employed using Becke three parameters

. ; . with Lee—Yang—Parr functionals (B3LYP), first with small basis set
cQ an_d CHQ and the difference in assembling phenomena Of(3—216) and followed by a reasonable size of the basis set (6-31G*).
CHQs in the absence and presence of water molecules. We haV%or better accuracy, we also carried out Moller Plesset second-order

investigated the competition between the 1-D short H-bonding perturbation (MP2) calculations using 6-31G* and aug-cc-pVDZ basis

and displacedr—x stacking interactions in the assembling sets for the comparison between H-bonds andr stacking interac-
tions, wherever the dispersion energy should be seriously considered
(in particular, in ther—ax stacking interactions). The B3LYP and MP2
calculations were carried out using a Gaussian suite of prograsis.
structures were fully optimized at all levels of theory unless otherwise
specified. Large calculations in the present system include up to 4704
basis functions (in the octamer including bridging water molecules),
which would be one of the largest calculations reported so far. We
also carried out pseudopotential plane wave density functional theory
(PW-DFT) calculations for the periodic crystal systems, which have
been employed in condensed matter systérifs-or PW-DFT calcula-

tion of CHQ nanotubes, we have used a generalized gradient ap-
proximation (GGA) of Perdew and Watgand Vanderbilt pseudo-
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potential!® The cutoff energy of the plane wave basis set is 20 Ry. g

PW-DFT is free from basis set superposition error (BSSE) because N

plane wave basis sets cover all the space almost uniformly unlike the -, "1 -
Gaussian orbitals spanning only a local region. The whole molecular ki
structure in the X-ray crystal unit cell was fully optimized with the
periodic boundary condition.

In the present system, PM3 results show very poor reliability.
Nevertheless, they provide preliminary structures of informative
conformers and suggest a possible trend. However, the interpretation
of the results should be done with very careful discretion. In B3LYP/
3-21G, bond distances are underestimated, and binding energies are_ ) ) )
overestimated, and so the BSSE-corrected binding energies are mord '94/€ 2. Four stable conformers of calix[4Jquinone (top figures) and

L . . calix[4]hydroquinone (bottom figures): (&&one, (b,b partial cone, (c,¢
realistic. Nevertheless, the trend observed for different chemical SyStemsl,Z-aIternative, and (d)d1,3-alternative.
is somewhat reliable. In our calculations, the BSSE correction was made
using the counterpoise method. The B3LYP/6-31G* method is reliable Table 1. Calculated Complexation Energies (B3LYP/6-31G*) of
in most cases in predicting both structures and binding energies, while the Four Stable Conformers of the CQ Monomer and CHQ
S . . ) . Monomer (kcal/mol)2
the computation time is not highly demanding unlike MP2 calculations.

Thus, B3LYP/6-31G* method is recommended for computer-aided cone partial cone 1,2-altemate 1,3-alternate
design approach for prediction of functional molecular systems and  cQ 1.8 o* 7.7 0.7
investigation of self-assembling phenomena. Nevertheless, the B3LYP CHQ 0* 11.6 18.3 19.8

method cannot properly take into account thex interactions. The

strong and weak points of each calculation method can be assessed *°All the energies are relative to the most stable conformers marked with
from our results, which will be discussed later. Most of the molecular an asterisk. The most stable conformer of CHQ is in accordance with the

. o ) - crystal structuré.
figures and vibrational modes were drawn using Pohang Sci-Tech
Molecular Modeling package (POSMO. and CHQ are “partial cone” (Figure 2b) and “cone” (Figure
To characterize the structures of CHQ tube bundles, we carried out 2d) structures, respectively, which are in agreement with
further X-ray analysis grown in different conditions. In addition to the ~experiments (Table 1).
previous CHQ crystal grown in cesium sulfate, we here added the X-ray  CHQ is composed of four hydroquinones; therefore, it has
characterization of the CHQ crystal grown in the tetramethylammonium eight hydroxyl groups. Among them, four inner hydroxyl groups
hexafluorophosphate. Both crystals have almost the same structuressyrm a circular proton-tunneling resonance of H-bddehich
In our following discussion, we use the average values of the two stabilize the “cone” structures, and the other four hydroxyl
results. The X-ray structures have been used not only to assess the f . ' -
calculation methods but also to understand the features of 1-D grqups n the_ upper_ rim of the C_One have dangling H atoms,
H-bonding and displaced— stacking. which make it possible to form intermolecular H-bonds that
For the analysis of 1-D short H-bonds and four-membered circular |€ad to self-assembled structures. We have two well-refined
H-bonds in the cone structure of CHQ, we carried out IR spectral X-ray data sets: X-rayl which was based on the crystal grown
analysis of the CHQ monomer and CHQ nanotubes, using IR in the presence of GSO; and X-ray2 which was based on the
spectrometers along with the normal-mode analysis based on thecrystal grown in the presence of NWRFs (Supplementary
B3LYP/6-31G* predicted spectra. In addition, we obtained the proton |nformation). We will compare our calculated structures with
chemical shifts (using 500 MHz NMR; DRX500, Bruker) and compared the average values of the two X_ray data sets ()g.‘j)a)]'he
these experimental data with the calculated values on the basis of thebrief information of the X-ray characterization is given in the
gauge independent atomic orbital (GIAO) method. In this case, ¢,qinqte of Table 2. The experimental (X-ray) and calculated
Hartree-Fock (HF) result_s (than BSLYP calculations) were employed (B3LYP/6-31G*) structures of the CHQ monomer are in
for better agreements with the experimental data. excellent agreement (within 0.01 A in bond lengths and 3
degrees in bond/torsional angles) (Table 2). PW-DFT results
are also in good agreement with the X-ray data (within 0.01 A
in bond lengths and 4 degrees in bond/torsional angles), while
the H-bond distance (®@0) is slightly shorter (by 0.08 A in

I1l. Results

A. Calix[4]quinone Versus Calix[4]hydroquinone. Accord-
ing to ab initio calculations, the most stable conformers of CQ

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.;
Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(15) (a) Cho, J.-H.; Kleinman, L.; Chan, C. T.; Kim, K. Bhys. Re. B 2001,
63, 073306-1-4. (b) Cho, J.-H.; Kim, K. hys. Re. B 2000 62, 1607~
1610.

(16) Kresse, G.; Furthmuller, Phys. Re. B 1996 54, 11169-11186.

(17) (a) Wang, Y.; Perdew, J. Phys. Re. B 1991 43, 8911-8916. (b) Perdew,
J. P.; Wang, YPhys. Re. B 1992 45, 13244-13249. (c) Ceperley, D.
M.; Alder, B. J.Phys. Re. Lett 198Q 45, 566-569.

(18) Vanderbilt, D.Phys. Re. B 199Q 41, 7892-7895.
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the monomer calculation and 0.06 A in the crystal calculation)
than but still in good agreement with the X-ray value. There is
no significant difference between two PW-DFT results of the
monomer and crystal calculations except for the drastically
increased ©'H bond lengths on the rim of the CHQ monomer
(1.018 A) in the crystal calculation due to the short H-bonding.
These lengths are slightly longer than those in the cone region
(comprised of four &H groups H-bonded as a ring) of the
CHQ monomer (1.011 A). The former and the latter are longer
than the non-hydrogen bonded length (0.970 A) by 0.048 and
0.041 A, respectively. This would indicate that the short H-bond
along the CHQ tubular axis would be stronger in H-bond
strength than the H-bond in the cone.

(20) (a) Brougham, D. F.; Caciuffo, R.; Horsewill, A.Nature1999 397, 241—
243. (b) Horsewill, A. J.; Jones, N. H.; Caciuffo, Bcience2001, 291,
100-103.
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Table 2. X-ray and Calculated Structures of the Cone-Shaped CHQ Monomer?
0-:-0 O—-H. O-H, OHO 0-C. 0-C, Cc-C C.—C c-C c-C, 000 0---0-C 0-:+0-::0-C

X-ray1P 2.667 (0.83) (0.83) 1391 1376 1385 1.397 1.388 1518 90.0 111.0,113:012.9,—114.7
X-ray2* 2.654 (0.82) (0.82) 1.391 1377 1379 1395 1387 1511 90.0 110.6,113:312.5,—114.9
X-raya! 2.661 (0.83) (0.83) 1.391 1377 1382 139 1.388 1.515 90.0 110.8,11312.7,—114.8
B3LYP/ 6-31G* 2,668 0993 0970 1655 138 1.371 1395 1405 1.398 1526 90.0 1149 -1124
PW-DFT (monomer) 2.582 1.013 0970 1669 1.397 1382 1.393 1.404 1.397 1518 90.0 111.8 —117.6
PW-DFT (crystal ) 2599 1.011 1.018 167.0 1.397 1384 1392 1401 1396 1513 90.0 114.0,1812.0,—113.8

aBond distances (A) in the cases of two atoms, bond angles (degree) in the cases of three atoms, and torsional angles (degree) in the case of four atoms.
Subscripts “c”, “r", and “m”, denote the cone position, rim position, and methylene carbon position of the cone-shape CHQ monomer, respectively. The
B3LYP/6-31G* results were based on the isolated pure monomer, while the PW-DFT results were based on both the monomer and the predicted CHQ
crystal structure. The X-ray ©H bond lengths were obtained from the time-averaged electron density; thus, these nondynamic values are not accurate
enough because of the lack of consideration of high mobility of H atoms. The structure of the monomer moietZskgmmetry (only slightly offCs
symmetry). Although the bond distances were averaged, two different angles were not averagedQGe Sjrametry. The B3LYP and PW-DFT structures
for the monomer shows symmetry. However, for the PW-DFT structure of the crystal, the monomer moiety shosysnmetry with two slightly different
types of H-bonded ©-O distances possibly because of the short H-bondingmand stacking interactions. Here, the average value of the@distances
is reported, as in the X-ray dataCrystal data grown in GS§QOy: orthorhombic, space grouPmmmwith a = 23.3007(5) A,b = 25.03569(10) Ac =
11.6313(2) A, andv = g = y = 90° for empirical formula GgH3;012; V = 6785.08(19) &, Z = 8, T = 223(2) K. Final full matrix least-squares refinement
on F2 with all 2988 reflections and 230 variables converged to R180(l)) = 0.0808, wR2(all data= 0.2602. The present result is the refined one of the
original X-ray data which did not include highly refined solvent water structure. The previous X-ray data were deposited in the Cambridge 1@ptstallog
Data Centre as supplementary publication no. CCDC-161598ystal data grown in NMgRs: orthorhombic, space groummmwith a = 23.365(3) A,
b =24.914(3) A,c = 11.5852(16) A, and. = 8 = y = 90° for empirical formula GgH3,015; V = 6743.7(16) &R, Z = 8, T = 293(2) K. Final full matrix
least-squares refinement &8 with all 2703 reflections and 230 variables converged to R1@s(l)) = 0.0816, wR2(all datay 0.2435.9 Average value
of the two sets of X-ray dat&.Calculation of the CHQ monomer.

Table 3. Experimental and Calculated Chemical Shifts (6 in ppm)
of the Cone-Shaped CHQ Monomer2

6.93

CHQ (Figure 3) OHcone  OHim CH CH,
expt: CHQ in acetonewater

9.83 7.81 6.64 4.06, 3.50
calcd: CHQ monomer
B3LYP/6-31G* 8.65 3.16 5.93,6.32 3.98,3.08
HF//B3LYP/6-31G* 9.37 3.47 6.43,6.93 4.11,3.24
calcd: CHQ monomet-4(H,0)
HF//B3LYP/6-31G* 8.71 7.40 6.61,7.29 3.97,3.12

To facilitate our discussion of the comparison between the
CHQ monomer and nanotubes, we report both experimental and
calculated chemical shifts)(in ppm) for the CHQ monomer
(Table 3 and Figure 3). The experimental data was obtained in
the presence of acetone and water, while the calculations were
done both in the absence of water and in the presence of four ©
microsolvated water molecules. The B3LYP/6-31G* calculations Figure 3. HF//B3LYP/6-31G* (in bold) and experimental (in italic)
tend to slightly underestimate the chemical shifts, while the HF/ chemical shifts (in ppm) of the cone-shaped CHQ monomer. The experi-
6-31G*//B3LYP/6-31G* gives realistic values close to the mental values of the CHQ monomers were obtained in the acetoater

solution. The value in parentheses is the calculated value by microsolvation
experimental ones. This trend was well noted in our previous of the CHQ monomer by four water molecules (Table 3).
study of chemical shifts of SSHBs in enzyniésThe present
results for the microsolvation of the CHQ monomer match well
the experimental chemical shifts of OHs at the upper rim.

H-bonds. However, in the dimer structure (Figure 4a), CHQs
form a capsule connected by only 4 H-bonds. Likewise, trimer

B. Self-Assembly of Calix4]hydroquinone.in the first stage  (Figure 4b) and tetramer (Figure 4c) have 6 and 8 H-bonds to
of the self-assembling study of CHQs, we carried out ab initio form cyclic structures, and the tubular octamer (Figure 3e)_has
calculations for various possible combinations of assembled 12 I—fl-bonds. Onbthedotthhang, th?. octahedral he;:amelr(llzlgudre
structures derived from previously reported (:alixarene-based4 ) orms 24 H- on s with no dangling H at_oms.T_ € calculate
dimers2! trimers2? tertramerg® hexamer&? and polymergs assembling energies per monomer of the dimer, trimer, tetramer,
In the n-oligomer, the number of OH groups is.8and thus hexamer, and octamer (Figure-4@) at the BSSE-uncorrected

' f ' PO i

4n OH groups formn cones comprised of four-membered B3LYP/6-31G*//B3LYP/3-21G level are 9, 8, 9, 21, and 11

circular H-bonds, and thus the remaining @H groups can Ecal/mol, resr;])ecti\gely, and thosegtfég;r;]er, trin;er, tetr:almeri and
involve intermolecular H-bonds. All the dangling H atoms in examer at the 50%-BSSE-correci€d B3LYP/6-31G* leve

the n-oligomer (comprised ofi monomers) can form up to¥ are 10, 9,9, 22 kcal/mql, respecti\{ely (Table#Yhis indicates
that the hexamer (Figure 4d) is the most favorable self-

assembling structure because of full saturation of the dangling

H atoms by H-bonding. The numbers of the dangling H atoms

(21) Kikuchi, Y.; Tanaka, Y.; Sutarto, S.; Kobayashi, K.; Toi, H.; Aoyama, Y.
J. Am. Chem. S0d 992 114, 10302-10306.

(22) Prins, L. J.; Jong, F. D.; Timmerman, P.; Reinhoudt, DNidture 2000
408 181-184.

(26) Kim, J.; Kim, K. S.J. Chem. Phys1998 109, 5886-5895.

(23) Chopra, N.; Sherman, J. &ngew. Chem., Int. Ed. Endl997, 36, 1727
1729

(24) Macéillivray, L. R.; Atwood, J. LNature 1997, 389, 469-472.
(25) Castellano, R. K.; Rudkevich, D. M.; Rebek, J.,Rioc. Natl. Acad. Sci.
U.S.A.1997, 94, 7132-7137.

(27) (a) Kim, J.; Lee, S.; Cho, S. J.; Mhin, B. J.; Kim, K. .Chem. Phys.
1995 102, 839-849. (b) Kim, J.; Kim, K. SJ. Chem. Phys200Q 113
5259-5272. (c) Lee, H. M.; Suh, S. B.; Lee, J. Y.; Tarakeshwar, P.; Kim,
K. S.J. Chem. Phys2000 112, 9759-9772.
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Table 4. Calculated Assembling Energy of CHQ Oligomers (kcal/mol per CHQ Monomer)2

without water a. dimer (Cy) b. trimer (D) c. tetramer (D4) d. hexamer (Oy) e. octamer* (S,)
PM3 —5.1 —-3.7 —6.3 —-11.2 —-11.5
B3LYP/3-21G —28.2 (-8.7) —20.7 (-8.2) —23.2(12.0) —51.2 (—29.6) —34.2 (—14.6)
B3LYP/6-31G*//B3LYP/3-21G —-9.2 —-8.3 —9.4 —-21.1 —-11.0
B3LYP/6-31G* —13.1(7.2) —10.5 (-6.7) —10.7 (-7.0) —24.6 (—18.7)
—10.2+ 2.9 —8.6+1.9 —8.8+ 1.9 —21.6+ 3.0
with water (symmetry) a'. dimer+4W (C,) b’. trimer+6W (D3) c'. tetramer+8W (Dy) d".(=d) hexamer (Oy) e'. octamer+16W* (S,)
PM3 —19.8 —-10.7 —19.2 —-11.2 —23.8
B3LYP/3-21G —117.0 58.1) 94.8 (-44.9) —90.0 (—=39.9) —51.2 (—29.6) —115.4 (-61.3)
B3LYP/6-31G*//B3LYP/3-21G —37.3 —35.9 —-31.9 —-21.1 —-37.5
B3LYP/6-31G* —52.7 (-35.8) —46.6 (—32.8) —43.9 (-31.0) —24.6 (—18.7) —54.1 (-40.3)
—44.2+8.4 —39.7+ 6.9 —37.4+6.4 —21.6+3.0 —47.2+6.9

aEnergies are in kcal/mol per CHQ monomer. Eaamer has 8 OH groups among whichrdOH groups form four-membered circular H-bonds in each
cone. In the absence of watermer involves & H-bonds with 2 OH groups. The remainingn?20H groups can involve intermolecular H-bonds. If these
OH groups do not involve in intermolecular H-bonding, they form H-bonds with bridging water molecules in the presence of water. Full BSSE-corrected
energies are reported in parentheses. In B3LYP/ 6-31G*, the interaction energies are also given in the second line as a median value between BSSE-
uncorrected and BSSE-corrected values with the error bar of 50%-B®SEThus, for each reported value, the lower bound is the BSSE-uncorrected
value, and the upper value is the BSSE-corrected value.

Figure 5. Space-filling model of oligomers in the presence of bridging
water molecules: (RCHQ dimer, (b) trimer, (¢) tetramer, (6 hexamer,
and (f) tubular polymer with a repeating unit of tubular octamey ¢ich

is highlighted in the mid region. Structures were obtained at the B3LYP/
6-31G* level, while (f) is constructed from the repeating units of)(e

gain in the presence of water. In the presence of bridging water
molecules, the calculated assembling energies per monomer of
the dimer, trimer, tetramer, hexamer, and octamer (Figure 5,
Table 4) at the 50% BSSE-corrected B3LYP/6-31G* are 44,
40, 37, 22, and 47 kcal/mol, respectively. The calculations
Fig:lre ‘II- ((3ta|CU|aéed_ dStrUFIUr%S T—)()Egﬁg%r_s in ﬂ(f) z’tal?senC? )OI \;vater indicate that in the presence of water molecules, the assembling
molecules (top and side views): (& Imer, (b) nmer, (¢) teramer, - energy of the tubular octamer relative to the two tetramers is
(d) octahedral hexamer, and (e) tubular octamer (B3LYP/6-31G* level). enhanced because of additional eight H-bonds between HQ and
water (i.e., 4737 = 10 kcal/mol-monomer). When the tubular
octamer forms a linear chain with repeating units, the stability

in the dimer, trimer, tetramer, hexamer, and octamer are 4, 6,

8, 0, and 16, respectively. The present conclusion does not.
pectively P ust s further enhanced by almost the same amottiQ(kcal/mol-

depend on BSSE because the resulting relative assemblin ith the f i f H-bonds bet i
energies between these structures do not change significantly.monomer) Wi € formation of H-bonds between repeating

. units via bridging water molecules. These results are strong|
In the presence of water molecules, the CHQ oligomers can ging gy

S . in favor of the formation of tubular polymeric structures. Indeed,
be better assembled by bridging water molecules which form . . . ! -
: . in experiments, addition of water molecules into CHQ in acetone
H-bonds with unsaturated dangling H atoms. These H-bonds . . )
. o . resulted in a stable self-assembling tubular structiri
should provide lots of energy gain in the assembly of oligomers.

.~ agreement with the theoretical prediction. A similar tubular
Then, the tubular octamer (and polymers) gets large energy gain, . .
- . : structure was also noted upon electrochemical reduction in the
while the hexamer without dangling H atoms has no energy

presence of water.

(28) The difference between the two calculations is because the 3-21G basis
set gives much shorter H-bond lengths than the 6-31G* basis set. Thus, (29) In our experiments, the dimers which are almost as stable as (though slightly

B3LYP/3-21G calculations need to be used with full BSSE correction, while less stable than) the octamer (while much less stable than the almost
B3LYP/6-31G* calculations are likely to be more realistic when 50% BSSE insoluble long chain polymer with repeating units of octamer) seem to be
correction is employe826.27 present in a large quantity as the aqueous suspension.
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Table 5. Interaction Energies (kcal/mol) and O-+-H Distances (A in Parentheses) of the Three H-Bonding Types in Figure 62
H-bonding a. W>HQ,, b. HQw>HQp ¢. HQ»W
PM3 —2.34 (1.83) —5.23(1.84) —3.84 (1.80)
B3LYP/3-21G —10.3+ 6.1 (1.81) —11.9+ 5.4 (1.69) —15.4+ 4.9 (1.62)
[—4.2] [-6.5] [-10.5]
B3LYP/6-31G* —5.9+ 1.7 (1.98) —6.3+ 1.5 (1.90) —8.2+1.2(1.84)
PW-DFT —6.0(2.01) —4.2(1.90) —7.9(1.82)
MP2/6-31G* —5.9+ 1.8 (2.01) —8.3+2.2(1.92) —8.1+1.3(1.87)
MP2/aug-cc-pVDZ —49+0.7 —9.8+2.1 —6.5+0.7
[-4.2] [=7.7] [-5.8]
W>HQ (HQ>)W> HQ(>HQ)
B3LYP/6-31G* —5.4 (1.99) —7.2(1.86)

aPM3 energies were obtained without BSSE correction. The PW-DFT method is free from BSSE. All other interaction energies are given as a median
value between BSSE-uncorrected and BSSE-corrected values with the error bar of 50%-BSSE. Full-BSSE-corrected energies are given in beackets. In th

case of HQ*HQ (instead of HQ>HQm), the PW-DFT, B3LYP/6-31G*, and MP2/6-31G* H-bond interaction energies-a@®, —6.3, and—7.8 kcal/mol.
See the text for the pure H-bond energies which excluderthe interaction energies present in the MP2 values for the-HQ and HQ,>HQn. P Single
point calculation at the MP2/6-31G* geometPWalues for the central H-bond (WHQ) in the three H-bonds relay comprised of three HQs and one W.

To avoid the complex— interactions by conformational distortion, all the O atoms involving the short H-bonds are constrained to be on the same plane.

Figure 6. H-bonding types: (a) WHQm, (b) HQw>HQm, and (c)
HQm>W.

C. H-Bonding and Short H-Bonding. CHQ nanotubes
involve three types of H-bonds represented as,P&Qm,
HQm>W, and W>HQ,, (Figure 6a-c), where the interactions
between a proton donor (D) and a proton acceptor (A) will be
denoted as BA (where “>” represents the—OH bond
orientation), and HQ and W denote dimethyl hydroquinone

defined bell-shaped CHQ monomer structure comprised of four
HQ moieties linked by the-CH,— groups. Thus, the HOHQ
interaction energy would not affect the H-bond relay structure
regardless of the levels of theory.

The MP2/6-31G* H-bond distances {GH) in W>HQ,
HQm>HQm, and HQ,>W are 2.01, 1.92, and 1.87 A, respec-
tively. These are similar to the B3LYP/6-31G* values (1.98,
1.90, and 1.84 A) and the PW-DFT values (2.01, 1.92, and 1.87
A). However, B3LYP/3-21G predicts very short distances (1.81,
1.69, and 1.62 A), which are almost consistenty.2 A smaller
than other more accurate results. On the other hand, PM3 results
(1.83, 1.84, and 1.80 A) give no distinction between the three
values, while the overall magnitude is better than the B3LYP/
3-21G results, but it is still 0.1 A smaller than the MP2 values.
Thus, even though the B3LYP/3-21G gives short distances and

and water molecule, respectively. To better simulate the CHQ largeé binding energies, the method reasonably describes the

system, HQ as well as HQ was employed. The B3LYP/ 6-31G*
H-bonding energies (with 50%-BSSE correction) of the three
cases, WHQn, HQw>HQ,, and HQ,>W, are 5.9, 6.3, and
8.2 kcal/mol, respectively (Table 5). These are similar to the

relative difference between different systems, which cannot be
done properly in PM3 calculations. It is particularly interesting
to note the clear differences in H-bond distance and H-bond
energy between WHQ, and HQ,>W. Compared with

corresponding PW-DFT values (6.0, 4.2, and 7.9 kcal/ mol) and W>HQm, the HQn>W has shorter ©-H distance (by 0.14 A

full BSSE-corrected B3LYP/3-21G values (4.2, 6.5, and 10.5

at both MP2/6-31G* and B3LYP/6-31G* levels) and larger

kcal/mol, respectively), while the BSSE-uncorrected B3LYp/ binding energy (by 2.2 and 1.6 kcal/mol at MP2/6-31G* and
3-21G values are highly overestimated (16.4, 17.3, and 20.3MP2/aug-cc-pVDZ levels, respectively). The atomic charges
kcal/mol). The B3LYP/6-31G* H-bonding energies are also (based on natural bond orbital population) of H and O atoms
similar to the MP2/6-31G* values (5.9, 8.3, and 8.1 kcal/mol) (0H, do) involving H-bond for W-HQ are (0.49,-0.72) au,
and consistent to the MP2/aug-cc-pVDZ values (4.9, 9.8, and While those of HQW are (0.50,-0.94) au. Since the
6.5 kcal/mol) except for the overestimated HEHQ, binding electrostatic energy which is the dominating component in the
energy. In the HQ>HQ interaction, the MP2/6-31G* and H-bond energy is proportional to the productgpfandqo, the
MP2/aug-cc-pVDZr—x interaction energies (for the slanted HQ>W should have stronger binding energy than the MQ.
pair) are 1.4 and 3.7 kcal/mol (which are not present in the This phenomenon is also noted from the water clusters, hydrated
B3LYP energies because of the lack of the dispersion energy), molecules, and their cations and aniéhs.

and so the pure H-bond energies are 6.9 and 6.1 kcal/ mol, In nanotubes, we need to consider short H-bonds instead of
respectively, which are close to the B3LYP/6-31G* HBQ the normal H-bonds which are common in many neutral
energy (6.3 kcal/ mol). In pure hydroquinone (HQ) instead of H-bonded dimers. Therefore, the relay effect of additional
HQn, the HQ>HQ binding energy at the MP2/6-31G* level is H-bonds by HQs and water molecules (W’s) should be taken
7.8 kcal/mol, and the pure H-bond energy is 6.4 kcal/mol, which into account. In the central H-bond of the three H-bonds relay
is close to the B3LYP/6-31G* value (6.3 kcal/mol) and is in comprised of HQ W>HQ>HQ, the H-bond distance decreases
reasonable agreement with the PW-DFT value (4.6 kcal/mol). by 0.2 A with enhanced H-bond energy b2 kcal/mol (from
Though the pure H-bond energies of H@IQ at the MP2 and 5.4 to 7.2 kcal/mol). We also studied a nine H-bonds relay
B3LYP levels are larger than that of PW-DFT level, the H-bond system of the fragment of the X-ray CHQ crystal (Table 6) using
distance between the neighboring HQs is almost the samethe PW-DFT optimized geometry. In the central region of this
regardless of the levels of theory, because the H-bond for theH-bonds relay system in the tubular CHQ polymer, the-O
HQ>HQ is present between two HQ moieties in the well- distances of WHQ, HQ>HQ, and HQ>W are 2.70, 2.68, and
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2.66 A at the PW-DFT level with the corresponding chemical g b c
shifts of 9.74, 11.97, and 12.44 ppm, respectively (Table 7). R
For the infinitely long H-bonds relay system of the CHQ crystal,
the three distances are 2.61, 2.56, and 2.58 A at the PW-DFT #
level (Table 6), which are slightly shorter (by0.08 A) than
but in reasonable agreement with the corresponding X-ray data
(2.67, 2.64, and 2.67 A). A similar size of deviation of the DFT e "
calculated distances from the X-ray data was noted in our %« )ﬁ )
previous study of the H-bonds in ketosteroid isomefase. : ‘ 2 ; O

In the CHQ system, the H-bond energy with the increasing %,__»—= : 2. '
number of H-bonds does not show smooth increase because o T N . > ..Gﬁ
distorted conformations by— interactions. To obtain a more o :
reliable H-bond relay effect in the linear system which does Figure 7. Displaced and parallet—x stacking: (a) parallel stack, (b)
not involve other interactionsy we have carried out the linear displaced stack with the interpl_anar disFance fixed at 3.4 A according to
H-bonds relay system comprised of CH&HOH molecules. the X-ray structure, and (c) optimized displaced stack.
From the investigation of B3LYP/6-31G* H-bond energies, the Table 6. Interoxygen Distances [and OH Distances and OH-+-O
normal H-bond energy for the dimer is 5.9 kcal/mol, and the Angles], Two Types of O—O—0 Bond Angles, and 0O—0—0—-0

Torsional Angles in the Infinite 1-D H-Bonds Relay of CHQ

H-bond energies for the tetramer and decamer are 7.8 and 9.6ygas2
kcal/mol, respectively. The asymptotic value~8.9 kcal/mol,

_—-_%

: P . W>H b. HQ>H HQ>W
and the H-bond energy gain of the infinite H-bonds relay over & WoHQ CH ¢ HY
) ; X-rayl 2.664 2.661 2.664
the pormal H.bo.nd i$-4.0 kcal/mol. 111,115+112 117,115/101 115,111/112
Since the binding energy gain due to the SHBl(kcal/mol) X-ray2 2.683 2.628 2.683
is large, we investigated the atomic charges of H and O atoms 109,115+110 115,116/101 116,109/110
involving the donof-acceptor H+O bond pair in the dimers X-TaYay 2.674 2.645 2.674
. ) 110,115+111 115,116/101 116,110./ 111
ano! the nine I—!-bonds rel_ay, on the basis of the natural bond pw.prr  261[1.61,176] 2.56[1.56,176] 2.58[1.58,173]
orbital population analysis at the B3LYP/6-31G* level. In 115,121+107 121,117/101 117,115/116

HQ>W, the charges of H and Qy, qo) involving the H:-O
H-bond are (0.500,-0.943) au with charge enhancement by
(0.017,—0.010) au with respect to the isolated HQ and W. In
the nine H-bonds relay system, th,(qo) is (0.530.—0.987)

au, with the charge enhancement by (0.046,054) au which

is much larger than those in the dimer system. Thus, the large
energy gain in the short H-bond arises from the strong
polarization effect along the H-bonds relay chain. It is also
correlated to the H-bond length and chemical shifts. Shorter
H-bonds show very large chemical shifts (up to 12.44 ppm for
HQ>W in the central region of the nine H-bonds relay at the
PW-DFT geometry similar to the X-ray geometry). The
predicted chemical shift for the infinitely long 1-D H-bonds
relay (which would be slightly larger than 12.44 ppm) is much

aDistances in A; angles in degrees.

While the X-ray structure gives the same-@ distances
(2.67 A) for both W>HQ and HQ>W (because of the averaging
of the distances because of the half occupancy for H atoms as
a donor or an acceptor), the calculations show that the latter
has slightly shorter length than the former (by 0.03 A). In the
1-D CHQ system, we find that the short H-bonds a@25 A
shorter than the corresponding normal H-bonds from both X-ray
structures and PW-DFT calculations. Though the X-rayQ
bond distances are slightly longer than that of SSHB.6 A) 12
the present short H-bonds have some characteristics of SSHBs.
On the basis of these results, the tubular polymers (Figuye 5f

. can easily grow with enhanced H-bonding energy (by 4 kcal/

Iarger_than that for the four-r_nembered circular H-bonds (9.37 mol for egcﬁ bond on the basis of PW-DFTgcaIculg}[/icfné,) which

pp;ng inthe CHQ ?Enoﬁir ('ae." by much .mOLe t:a; S'j pprln)' will be discussed in the latter section. Thus, four pillarlike
e increase of the H-bonding energy In the H-bonds relay building frames of 1-D short H-bonésvould help form single

system is in agreement with the results of Dannenberg and CO-hanotubes in the assembly process of CHQs

workers® who studied the H-bonded formamide chains for D. Displaced/Parallel Stacking.In 7— stac.king interac-

which the H-bonds (R€0:--ROH type) are much strongerthan ¢ 1tk displaced and parallet- stacking interactions

the present case (ROHHOH and ROH"ROH type§). They . (Figure 7) need to be considered. In this case, the dispersion
reported that the bond energy can increase approximately twice;

th | H-bond in th tral . £l interactions are very important. However, since these dispersion
Heb n%rrzaf A ond er;]er_gy 'g he Cﬁn ra reglton_ OH t())ngd interactions are not taken into account in density functional
re-la?/ns;ste?r:ng)?/mtl)o?l; p?é?asr-izaLtjign ehnavzn%(zrgﬁnd?s?uss-eg nb;calculations, the BSLYP and PW-DFT tend to give slightly

; negative binding energies for thegexr stacks. Thus, we have
Salahub and co-workef$ The H-bonds relay effect (by adjacent g g g

. . . o . studied them on the basis of MP2 results, in particular, using a
tyrosine residues) also play an important role in increasing the large basis set (aug-cc-pVDZ). In the benzene dimer, the BSSE-
enzyme reactivity?2 ,

uncorrected MP2/6-31G* bindine energy (2.0 kcal/ mol) and
(30) (a) Kobko, N.; Paraskevas, L.; del Rio, E.; Dannenberg,JJ.Am. Chem. full BSSE-correctgd MPZ/auQ‘CC_p\./DZ bmd.lng. energy (2'4
S0c.2001, 123 4348-4349. (b) Dannenberg, J. J.; Haskamp, L.; Masaunov, Kcal/mol) are consistent to the experimental binding energy (2.4

A. J. Phys. Chem. A999 103 7083-7086. (c) Masunov, A.; Dannenberg, i - - * hindi
533, Phys. Chem. B000 104 806810, (d) Simon, S.: Duran. M. kcal/mol), while the BSSE-corrected MP2/6-31G* binding

Dannenberg, J. J. Phys. Chem. A999 103 1640-1643. energy is negative<0.04 kcal/mol) and the BSSE-uncorrected
(31) (a) Guo, H.; Salahub, D. Rngew. Chem., Int. EA.998 37, 2985-2990. -cC- - indi i -

(b) Guo. H. Gresh, N.. Roques, B. P.+ Salahub, DJRBhys. Chem. 8 MP2/aug-cc-pvVDZ/IMP2/6-31G* binding energy is over

200Q 104, 9746-9754. estimated (3.5 kcal/moff. Therefore, we investigate the present
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Table 7. Proton Chemical Shifts (6 in ppm) Involving the H-Bond mol for the BSSE-corrected MP2/aug-cc-pVDZ//IMP2/6-31G*
[HF/6-31G*//B3LYP/6-31G*(GIAO) Level] (9.2 kcal/mol for the BSSE-uncorrected MP2/6-31G*). The
W HQun W>HQu HQw>HQn HQm>W potential energy surface of the stacking interaction is very flat,
1.18 3.80 3.75 6.78 7.12 while the stacking energy is large-9 kcal/mol). This HQ-
(W5)HQ>W(>HQ>W) (WSHQ>)WSHQEW) HQ stacking energy is much larger than the benzdrenzene
5.80 6.49 stacking energy~2 kcal/mol for the displaced stacking). In

HQ, the OH groups enhance theelectron density in the ring,

but the two O atoms deplete thecharges in the ring. This
W>HQ HQ>HQ HQ>W results in drastic reduction of electron exchange repulsion
9.74 11.97 12.44 betweenr electron densities of two stacked HQs, since the
electron cloud of each HQ shrinks toward the HQ ring plane.
Indeed, the interplanar distance between two stacked HQs (3.4
system in terms of BSSE-corrected MP2/aug-cc-pVDZ//MP2/ A) is much shorter than that between two stacked benzenes
6-31G* binding energy. We have considered three cases: (a)(~4.0 Ap2 Therefore, in two stacked HQs, the dispersion
the parallel stacking (optimized under the constraint that two energy drastically increases because of the shortened interplanar
HQm's are coaxial), (b) the displaced stacking (optimized under djistance, resulting in large binding energy.

the constraint that the interplanar distance between two aromatic ¢ gaometrical and Electronic Structures of Calix[4]-

rings is fixed to the X-ray value, 3.4 f&)' and (c) the displace*d hydroquinone Nanotube Crystal. We have performed elec-
stacking (by full geometry optimization) at the MP2/6-31G . tronic structure calculations of the CHQ crystal to understand
level. The BSSE-corrected MP2/aug-cc-pVDZ/IMP2/6-31G* 0 qirictures and electronic properties of nanotubes. Using the

bin(;jing Enelrgieis for the .thrlee Ca;esié a, b, and c, gre|7.9, 9'Operiodic boundary condition, the molecular structure has been
and 9.9 keal/mol, respectively (Table 8)Since case c includes fully optimized without imposing any symmetry constraints

We‘?k Hl-boEdmg énteract|ops betw;:eln an o aftom andla sl:jghtly within a unit cell which is fixed to the X-ray characterized unit
positively charged H atom in a methyl group of H@mploye cell size. Since the positions of H atoms are not available in

Fo 5|mul_ate IE&CHZ_hgrglﬁ)’ It cannot rtépres%nt E_urﬁ stacking the X-ray structure, these were determined by PW-DFT calcula-
interaction shown in the CHQ structure. Case b whic representsy g (Figure 8). These calculations clearly show not only

pure stacking interaction has the binding energy of 9.0 kcal/ infinitely long 1-D H-bond arrays composed of hydroxyl groups
(32) (@) Hobza, P.: Selzle, H. L. Schlag, E. WPhys. Chentl993 97, 3937 of CHQs apd Watfer molecules but alsq well-ordered intertubular
3938. (b) Hobza, P.; Selzle, H. L.; Schlag, E. WAm. Chem. S0d994 s—a stacking pairs. The calculated distance between two HQ
116, 3500-3506. (c) Hobza, P.; Selzle, H. L.; Schlag, E. WPhys. Chem. B ; f P .
1996 100, 18790-18794. (d) Jaffe. R. L. Smith. G. Gl Chem. Phys. centroids is 3.76 A (|_nterplanar_d|stance. 3.54/3.48 _A) and the
1996 105, 2780-2788. () Tsuzuki, S.; Hobda, K.; Uchimaru, T.; Mikami,  angle between twa-ring planes is only 3.5 which are in good
M.; Tanabe, K.J. Am. Chem. So@002 124 104-112. ; ; 0.9
(33) Since MP2 calculations using reasonably large basis sets (such as aug-cc-agreer’m_ant with the eXpe”mental values (3'63 A’ 2igter-
g\élgé) are known t?j glyeb?ggewr?at or\]/er%stlngatﬁd glgglgg energy, flé” planar distance: 3.41/3.38 A) (Table 9). Even though PW-DFT
correction is desira On the other hand, the -uncorrecte H H .
MP2/6-31G* binding energies for case b (9.2 kcal/imol) are similar to those d0€S Not properly take into account the- interactions, the

at the full BSSE-corrected MP2/aug-cc-pVDZ level (9.0 kcal/mol), whereas  distance between two HQ centroids is in good agreement with
the full BSSE-corrected MP2/6-31G* binding energies (2.6 kcal/mol) are h Si in th h the hard
highly underestimated. This trend is also well noted in the benzene dimer th€ X-ray structure. Since in the PW-DFT approach the har

calculations’? In MP2/6-31G*, the BSSE-uncorrected results are more all region is well described and the repu|sion is small at the
realistic in obtaining the aromati@romatic interactions because of partial . L
cancellation between the underestimated dispersion energy (due to insuf- Optimal contact length between two aromatic rings, the PW-

ficient basis set size) and the BSSE-driven overestimated interaction energy DFT calculation reproduces well the crystal structure by the
(which is again due to the insufficient basis set siz&ur experiences

show that in H-bonding energy which is mainly electrostatic interaction packing effect (which was obtained by fixing the unit cell size
(with insignificant dispersion energy), small basis sets such as 3-21G need _ H i ~

full BSSE correction, while mid-size basis sets tend to give realistic values to the X ra_y unit cell SIZe)' The agreement of the PW DFT
with 50% BSSE correction. On the other hand, in the aromatiomatic structure with the X-ray data is very good [monomer in Table
interactions with large dispersion energy, small basis sets such as 6-31G* _ ; _ it B
underestimate the binding energies; thus they give better results without 2, H-bonds in Table 6, and i s_tacks (Wlthm the constraint
BSSE correction, while mid-size basis sets tend to give realistic values of the X-ray crystal unit cell) in Table 9]. The calculated
with 50% BSSE correction, and large basis sets require full BSSE correction ; i

because of overestimation of the interaction energy. In the DFT calculations chemical bond lengths and angles are W'th_'n 0.01 A and 3
(including B?H(P) QL tf&e gr?rtr;]atie?tron:atic intltlsr_actiftt)ns, thtefharcgj wall  degrees from the X-ray data; the H-bond distances are only
region is well described, but the attractive well is often not found, since _,. . . . .

the binding energies tend to be repulsive (even though they are often slighty Slightly shorter (within~0.08 R); thexr—z interplanar distances
attractive because of BSSE). This is quite contrasted to the MP2 results or gre only slightly larger (within~0.1 A)

the reality. Nevertheless, the repulsive energy between two aromatic rings . .

at the optimal interaction distance (on the basis of the X-ray structure and  In the 1-D H-bond arrays, the H-bond length is particularly
MP?2 optimized structure) is insignificant-Q kcal/mol), and furthermore ; [ :

the potential surface is almost flat regardless of the degree of displacement_Short even in the absence of anionic _charges. The@'Stance
alnd thet oriﬁ_r;tatt;]oanf (tjhe aromatic ri?gS- InTl\r/1IP2, ‘Rﬁ potﬁrmal g_lfJfrface is is 2.61 and 2.58 A for the WHQ pair and the HQW pair,
also flat, while the binding energy is large. Thus, although the difference . . .

in binding energies between MP2 and DFT is large, this apparent difference and 2.57 A for the HQHQ pair, (Wh|Ch are in reasonable

would not raise serious problems in conformational analysis of systems ggreement with experimental values of 2.67 and 2.64 A,
involving other strong interaction forces, because the flat potential feature . L
of the aromatie-aromatic interactions little affects the local conformation.  feSpectively), comparable to the SSHB lenifihis indicates

This feature can often give reasonably reliable structures in calculations of that the H-bond re|ay effect on the H-bond Iength is significant
crystal systems as long as the unit cell size is fixed to the experimental . . .
value. DFT results, when the unit cell size is fixed to that of the crystal, N the 1-D system. The predicted structure (with H atoms

are in most cases in good agreement with X-ray structures, because thej i i
packing effect is predominantly determined by the van der Waals radii of InCIUded) and the denSIty of states (Wlth respect to energy) are

atoms of molecules or exchange repulsions between molecules. However, Shown in Figure 8. The CHQ nanotubes are predicted to be an
the issue of dispersion force is important for determining the thermodynamic ; i indli

quantities of organic crystals having aromat&romatic interactions, which insulator with 2.9 eV band ga_p. The binding energy per short

is a challenging subject. H-bond between HQ and W is calculated to be 10 kcal/mol,

Central Region in a Fragment of CHQ crystal (9 H-Bonds Relay)
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Table 8. Interaction Energies and Interplanar Distances in 7—x Stacks?@
a. parallel b. displaced (X-ray)" c. displaced (optimized )

PM3 0.0 ¢0) 14 -5.0

B3LYP/3-21G 1.3:4.9(3.71) 3.3t51

B3LYP/6-31G* 1.1+ 1.3 (4.02) 3.6:2.2 -1.9+2.0

PW-DFT 0.0 ¢o) 11

MP2/6-31G* —5.0+ 3.2 (3.48) —59+3.3 —9.1+3.3

MP2/aug-cc-pVDZ —12.1+ 4.2[-7.9] —13.4+ 4.4[-9.0] —14.5+ 4.6 [-9.9]

a See the footnote of Table 4 for BSSE. Since the geometry was optimized at the BSSE-uncorrected energy surface, the BSSE-corrected B3LYP and DFT
interaction energies can be positive as the two stacks are near the hard wall region because of the BSSE-driven interplanar distance shoekrsg. The v
in brackets are the full BSSE-corrected valuel b, the interplanar distance of the displacedr stack was fixed to the X-ray value (3.4 A), while other

geometrical parameters were optimizé&ingle-point calculation at the MP2/6-31G* geometry.

DOS (Arbitrary)

Energy (eV)

Figure 8. Calculated atomic structures (top and side views) and density
of states (DOS) of CHQ nanotubes. The large white, small white, and dark
spheres denote C, H, and O atoms, respectively. The unit cell is drawn by
the dashed linesa(= 23.30 A,b = 25.04 A,c = 11.63 A, anda. = 8 =

y = 90°). The HOMO energy is set to zero. The energy gap between HOMO
and LUMO is 2.9 eV.

which is 4 kcal/mol larger than the average value (6 kcal/mol)
of those of W-HQ, HQ>HQ, and H@W. The enhanced
H-bond energy due to the formation of short H-bonds was
obtained from the difference between the total interaction energy
of the system with short H-bonds and the total interaction energy
of a hypothetical system with the PW-DFT pair interaction
energies (corresponding to normal H-bonds instead of short
H-bonds). Namely, the nonadditive interaction energy was
extracted from the PW-DFT calculations of these crystal

systems, as often been used in the dissection of interaction

energies in molecular cluster systeffis.
F. Short H-Bonds and Displacedz—x Stacks in CHQ

Table 9. Structure of Displaced 7—x Stack of CHQ Crystals?@

centroid — interplanar off-center off-axis angle between
centroid distance distance angle two rings

X-rayl 3.630 3.413 1.237 19.94 2.86
3.379 1.326 21.43

X-ray2 3.624 3.403 1.247 20.11 2.92
3.377 1.314 21.25

X-rayay 3.627 3.408 1.242 20.03 2.89
3.378 1.320 21.34

PW-DFT 3.759 3.535 1.277 19.88 3.53
3.482 1.416 22.12

aDistances in A; angles in degrees.

building units (W>HQ>HQ>). Thus, per CHQ monomer in
the CHQ nanotube bundles, each of two bridging water
molecules involves two short H-bonds as a donor and an
acceptor, and each OH group in a HQ moiety involves two
H-bonds (one by the O atom and the other by the H atom).
Since one bridging water molecule is present for two HQ
moieties, the number of H-bond partners is three times the
number ofr—z stacking partners. Although the strength of 1-D
short H-bonding interaction~10 kcal/mol) is similar to the
strength of ther—x stacking interaction~9 kcal/mol), the
assembling along the 1-D short H-bonds relay should be much
more favorable because the number of H-bonds are three times
the number ofr—s stacks. Indeed, in the presence of water,
CHQs are assembled to form long tubular structures with four
infinitely long short strong H-bond arrays (PW-DFT results in
Figure 9a, b; X-ray results in Figure ‘9bThis feature should

be related to the high-resolution transmission electron micro-
scope (HRTEM) image of a single nanotube of 2-nm width
loosely bound to a CHQ bundflIn the absence of water, we
see laminar filmlike structure of CHQs for which the numbers
of both interaction pairs are the same, because the stacking
interactions €9 kcal/ mol) are stronger than the normal
H-bonding interactions~6 kcal/mol). The CHQ tubes as-
sembled to form long tubular structures in the presence of water
are grown into bundles with intertubular—s stacking interac-
tions (PW-DFT results in Figure 9c, d; X-ray results in Figure

Nanotube Bundles.In the absence of water, for each CHQ 9d), resulting in crystals with well-ordered two-dimensional

monomer, the number of dangling H atoms is 4, and the number

of aromatic rings available for—z stacking interactions is also
4. Thus, four H-bond pairs and four—xz stacking pairs can
form by neighboring dangling H atoms and HQ rings of other
CHQ monomers, respectively. As the- stacking interactions
are stronger than the normal H-bonds, #her stacking would

be favored. On the other hand, in the presence of water, the

CHQs form chains H® (W>HQ>HQ>),W comprised of the

(34) Kim, K. S.; Dupuis, M.; Lie, G. C.; Clementi, Ehem. Phys. Letl 986
131, 451-456.
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arrays of pores (Figures 10 and 11). A similar phenomenon has
been observed from atomic force microscope (AFM) images,
as time evolves with reduction of CQ (to be published).

In the X-ray crystal structurgl unit cell comprises 8 CHQ
monomers (comprised of 32 HQ moieties) and 16 bridging water
molecules, which involve 80 H-bonds (48 for four 1-D H-bond
arrays and 32 for four circular four-membered H-bonds) and
16 m—x stacking pairs, where the double count due to the
neighboring HQ partners in other unit cells is removed. The
number of H-bonds in the needlelike crystal is three times the
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Figure 9. Longitudinal H-bond relay between CHQs and water molecules and intertubtiarstacking interactions: (a) Four pillar frames of short
H-bonds (in red) are shown as the top view; (b) The space-filled part (with O atoms in red and H atoms in white) represents a 1-D H-bonds relay comprised
of hydroxyl groups { OH) and water molecules, where only 1-D H-bonds array is clearly represented for visual)aide (K-ray structure corresponding

to (b); (c) Top view with two side views; (d) Projected view to show displaced stacks on aromatic rings platies itray structure corresponding to (d).

Note the similarity in the position of heavy atoms between the X-ray and PW-DFT structures, while the H atom positions are not given in the X-ray
structutres. Figures'tand d clearly demonstrate the striking features of the infinitely long 1-D H-bonds arrays and the exemplary disptacsthcks,
respectively.

plane. However, the real cross section (with the van der Waals
volume excluded) is 8« 8 A2 because atoms are located in
zigzag shape, and the shortest distance between one atom on a
wall in the tube and another atom on the other side of the wall

is 11 A. An annealing technigéwas employed to study the
pore volume using classical molecular dynamics simulations
(for 10 ps), as we studied in a membrane chafh@élhen it is

fully solvated, it has about 48 water molecules in a unit cell,
which corresponds to the volume of>8 8 x 11.63 &. The
solvent-accessible surfaces are shown in Figure 11b.

To obtain the solution effect of the 1-D short H-bonds, we
carried out PW-DFT calculations of the CHQ crystal in the
explicit presence of solvent water molecules (48 water molecules
in a unit cell excluding the bridging water molecules) with the
periodic boundary condition for the X-ray crystal unit cell. In
; . ‘ A this case, the binding energy per short H-bond is evaluated to
Figure 10. X-ray structures of CHQ nanotubes crystal. be 9 kcal/mol, as the nonadditive interaction energy was

extracted from the PW-DFT results of both the real system with
number ofr—ax stacking pairs. A nanotube bundle shows the the nonadditive interaction energies and a hypothetical system
infinitely long 1-D H-bonding network between hydroxyl groups ~Wwith the PW-DFT pair interaction energies. The solvent effect
of CHQs and water molecules and well-ordered intertubular reduces the short H-bond strength, but the effect is rather small
m—a stacking pairs (Figure 9). Figure 9d and $tiows clear (1 keal/mol). More technical details of the PW-DFT calculations
projected views of ther—zx stacks on the aromatic rings plane. in which the solvent water is explicitly included and the details
The n—x stacks in PW-DFT calculations (Figure 9d) are very of the solvent structures in the present system will be reported
close to ther—s stacks in the X-ray structure (Figure'Rdrhus, elsewhere.
though the PW-DFT calculations do not properly take into It is very important to know the surfaces and edges of the
account ther— interactions, the packing effect (by fixing the  CHQ bundles, since this information is useful for understanding
unit cell size to the crystal data) resolves such problems, andthe gate phenomena of ion/water transgdithe surfaces and
the overall structure (Figure 11) is in excellent agreement with edges of CHQ bundles are clearly seen in Figure 12 along with
the X-ray structure (Figure 10). Figure 9.

The self-assemblies of pure organic molecules hardly exhibit G, IR Spectra of Calix[4]hydroquinone Bundles.The 1-D
rectangular shapes and large pore sizes, whereas the bundles ¢§-bond relay effect should be significant in the IR spectra
CHQ nanotubes form very large and novel chessboardlike
rectangular structures (Figure 11). The apparent size of each(ss) (a) Kim, K. S.; Nguyen, H. L.; Swaminathan, P. K.; Clementi,JEPhys.
inner square channel (with the van der Waals volume excluded) ~ Shem.1985 89, 2870-2876. (b) Kim, K. S.; Clementi, EJ. Am. Chem.

. . i . Soc.1985 107, 5504-5513. (c) Kim, K. S.; Vercauteren, D. P.; Welti,
is 6 x 6 A2in terms of apparent cross section on the projected M.; Chin, S.; Clementi, EBiophys. J.1985 47, 327-335.
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Figure 11. Cross-sectional views of the CHQ nanotube crystal structure
with bridging water molecules: (a) perspective view (O of HQ in red; O

of water in turquoise) and (b) side view showing solvent-accessible surface.

The size of the pore (with the van der Waals volume excluded)iss6A2
on the projected view. However, the actual pore size is 8 A2 because

CHQ monomer (calc.) v
1472

‘\A : CHQ monomer (expt.)
83200

|
1468

transmittance

[ A P and
\I//E:lg;u be (expt.) Wmv

3189 1468

T T T
4000 3000 2000 1000

frequency(cm")
Figure 13. B3LYP/6-31G* and experimental IR spectra of the CHQ

monomers, in comparison with the experimental IR spectra of CHQ tubes.
The calculated frequencies were scaled by 0.962.

Figure 14. Mode Analysis of IR characteristic peaks of the CHQ
monomer: (a, b) two degenerate modes corresponding to 3208 amd

atoms are located in zigzag shape. The nearest distance between atoms oft, ¢) top and side views of the mode 1468 thinvolving dipole change

the opposite sides of the pore is 11 A.

Figure 12. Surfaces and edges of the system comprised of four short
nanotubes (top and side views).

(Figure 13). The FT-IR spectra of CHQ nanotubes show
evidence of the strong H-bond networks. The experimental OH
stretching vibration modes of the CHQ monomer consist of free
and four-membered circular H-bonded OH vibrations (Figure
13a, b) around 3555 (3600 by deconvolution) and 3200%¢cm

respectively, which are in good agreement with the B3LYP/6-

31G* frequencies scaled by a constant 0.962 (3610 and 3200

cm~1) or by exponential scalingf. The experimental frequency
around 3388 (3400 in deconvolution) chseems to arise from

the dimer conformation. In the tubular structures, the intensities

14278 J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002

upon vibration. Other two degenerate modes corresponding to 3200 cm
do not involve dipole change by symmetry upon vibrational excitation, and
thus they are IR-inactive.

of the free OH stretching vibration peak and partially dimerlike
OH stretching peak decrease, while the H-bonded OH stretch
mode shifts to 3189 cm, indicating the formation of long
tubular structures with strong 1-D short H-bond networks. In
addition, the hydrogen breathing mode of the four-membered
circular H-bonds of the cone is 1468 ch(Figure 14 c, §
from the mode analysis.

IV. Concluding Remarks

We have shown how the arrays of CHQ nanotubes were
designed from computer-aided molecular design approach so
that this method can be utilized to design other functional
molecular systems. We have investigated the 1-D short H-bonds
and the displacedr—x stacking interactions in the CHQ
nanotube bundles and their competitions in the assembling
process.

According to ab initio calculations, the most stable conformers
of CQ and CHQ are “partial cone” and “cone” structures,

(36) (a) Lee, J. Y.; Hahn, O.; Lee, S. J.; Choi, H. S.; Shim, H.; Mhin, B. J,;
Kim, K. S.J. Phys. Chenl995 99, 1913-1918. (b) Lee, J. Y.; Hahn, O.;
Lee, S. J.; Choi, H. S.; Mhin, B. J.; Lee, M. S.; Kim, K. B.Phys. Chem
1995 99, 2262-2266.
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respectively. CHQ is composed of four HQ moieties, therefore, mined the position of H atoms which are absent in the X-ray
it has eight hydroxyl groups. Among them, four inner hydroxyl data but are essential for understanding the features of 1-D
groups form a circular proton-tunneling resonance of H-bonds H-bonding. The density of states of CHQ was studied, and the
which stabilize the “cone” structures, and the other four hydroxyl energy band gap (2.9 eV) was evaluated.
groups in the upper rim of the cone have dangling H atoms, We have assessed the utility of various calculation methods
which make it possible to form intermolecular H-bonds that that we employed for the design of the CHQ nanotubes and the
lead to self-assembled structures.nholigomers of CHQ, the understanding of the corresponding assembly process. To predict
number of OH groups isr8 and thus, 4 OH groups formn functional molecular systems and investigate self-assembling
cones comprised of four-membered circular H-bonds, and the phenomena with the computer-aided design approach (i.e., for
remaining 4 OH groups can involve intermolecular H-bonds. the minimal quantitative analysis of the present system), B3LYP/
Full saturation of the dangling H atoms imoligomer can be 6-31G* is recommended for the study of H-bonds, while the
accomplished with # H-bonds. Since the octahedral hexamer z—m interactions need to be employed at least at the BSSE-
forms 24 H-bonds with full saturation of dangling H atoms, it uncorrected MP2/6-31G* level or preferable at the BSSE-
has the largest assembling energy among the possible assemblingorrected MP2/aug-cc-pVDZ level.
structures. However, in the presence of water molecules, other The present organic nanotubes would be used as a model
CHQ oligomers can be better assembled by bridging water for selective water/ion channels in biological systems using
molecules involving H-bonding with unsaturated dangling H cation—xz interactiond” and as a nanoreactor for specific
atoms, with lots of energy gain in the assembly process. Then,chemical transformations (i.e., as a nanohost). The infinitely
in the presence of water, the tubular polymer is the most stablelong 1-D H-bond arrays in the nanotube are expected to have
with the formation of four infinitely long short H-bonding interesting features in long-range proton-tunneling phenofiena
pillarlike frames along the repeating units via bridging water and other physical/chemical properties. As the HQ moiety is a
molecules. powerful reducing agent for metal ions and can form charge-
To better understand the short H-bonds and the displacedtransfer complexes with electron-deficient molecules, this novel
m—m stacks, we carried out X-ray characterization of two characteristic is useful for designing nanosize metal structures
crystals grown in different conditions. The structure of CHQ (clusters, rods, and wires) on the basis of nano-recogrition.
tubes, which have exemplary displaced s stacks as well as  The interesting redox feature of CHQ has been applied to the
the infinitely long 1-D short H-bonds arrays, have been well design of electrochemically controlled nanomechanical devices
refined. The bond lengths of the infinitely long short H-bonds like the molecular flippe?? Thus, the unusual structures and
are 2.64-2.67 A, and the interplanar distance between two functions of CHQ nanotubes can be employed in diverse fields
displacedr—x stacks is 3.4 A. The average interaction energy of chemistry, biology, and material scier®e.
of Ion.gitudinal short H-bonds in the CHQ nanotubeg is 10 kpal/ Acknowledgment. This research was supported by
mol, in contrast to 6 kcal/mol for normal H-bond interaction KISTEP(CRI) and partly by BK21.
energy. The solvent water reduces the short H-bond strength
by only 1 kcal/mol, and the average interaction energy of short
H-bonds is 9 kcal/mol. These short H-bonds have some
characteristics of the well-known SSHB. Their energy gain is
due to charge polarization, while SSHB has an additional energy
gain by charge dissipatidi® The intertubular interaction forces
to form a nanotubes bundle arise mainly from parallel displaced
aromatic-aromatic stacking interactions. The calculated energy JA0259786

for an aromatic stacking pair is9 kcal/mol which is much (37) (a) Dougherty, D. A.: Stauffer, DScience199Q 250, 1558-1560. (b)

greater than that in the benzene dimer2(kcal/mol). In the Kumpf, R. A.; Dougherty, D. A.Science1993 261, 1708-1710. (c)

presence of bridging water molecules, the number of H-bonding Dot DS e e o e ki e G Py eey:

pairs is three times that of—x stacking pairs. Thus, the 1-D E J.;JH$, TL—K.; glng %hHJ. |_/|\rg Cgﬁm.ssc3¢9K9,4 l&GgB???T‘lgg- ®
: . . . ee, J. Y., Lee, S. J.; Choi, H. S.; Cho, S. J.; Kim, K. S.; Ha, em.
linear tubular growing is more favored than the assembling of Phys. Lett1995 232 67—71. (g) Choi, H. S.: Suh, S. B.; Cho. S. J.; Kim,

Supporting Information Available: Two X-ray data of CHQ
crystals grown in the presence of S94 and NMgPFK and
the calculated energies and structures of the CHQ monmer,
dimer, trimer, tetramer, hexamer, and octamer without and with
bridging water molecules. This material is free of charge via
the Internet at http://pubs.acs.org.

tubes into a bundle. K. S.Proc. Natl. Acad. Sci. U.S.A998 95, 12094-12099. (h) Carbacos,
. L 1 . O. M.; Weinheimer, C. J.; Lisy, J. Ml. Chem. Phys1998 108, 5151~
IR spectroscopic CharaCtenzaUOﬂ:{lgo cm along with 5154. (i) Carbacos, O. M.; Weinheimer, C. J.; Lisy, J. MChem. Phys.
normal-mode analysis) and the NMR chemical shifts measure- __ 1999 110 8429-8435. . .
. . (38) The nanosize metal structures are self-synthesized by the electrochemical
ments of four-membered circular H-bonds in the cone of the redox process. The species involved in the self-synthesis (i.e., spontaneous

CHQ monomer have been made. The chemical shift of the nano-recognition driven chemical synthesis) lose their original chemical
identity to form well-ordered nanostructures unlike the self-assembly which

infinitely long short H-bonds is predicted to be (slightly) larger maintains the chemical identity of building blocks.

H H _ (39) Kim, H. G.; Lee, C.-W.; Yun, S.; Hong, B. H.; Kim, Y.-O.; Kim, D.; lhm,
than 12.4 ppm, which is at Iegst 3 ppm larger than that of four He Lee. J W Lee. E. C.. Tarakeshwar, P.. Park. S-M.. Kim. KO
membered circular H-bonds in the cone of the CHQ monomer Lett. 2002 in press.

i i i Hp i _ (40) The self-assembly of CHQ nanotubes by the molecular recognition involving
moiety. On the basis of the first prlnC|pIes calculations (PW H-bonding andr-7 interactions can be simply compared to magnetic legos
DFT) of the self-assembled CHQ nanotube crystal, we deter- which can be self-assembled into toys.
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