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Recently synthesized tunable molecular springs are investigated theoretically using massively parallel density
functional simulations with the generalized gradient approximation. The springs are salts of organosilver
complexes that crystallize in structures with monoclinic symmetry. For springs witft iGspring) and

ClO,~ (Cl-spring) ions as negative balancers, we are able to refine their X-ray structures. Our calculations of
total energies as functions of the nonorthogonal lattice ghgtarectly reproduce the experimental equilibrium
values of the angle for both the N- and Cl-springs. For the N-spring, our calculations reveal that the nitrate
ions undergo concerted propeller rotations in the clockwise direction as the angle increastafoutd the
experimental value. For the Cl-spring, the rotations of chlorate ions are more enhanced in a limited range of
the s angle, but they move in the counterclockwise direction. For the N-spring, the potential energy curve is
symmetric and the shear modulus is about 0.01TPa. Calculations of the electronic density of states show that
both springs are semiconductors.

Introduction Theoretical Method

The calculations were carried out on massively parallel IBM-
SP and CRAY-T3E supercomputers. The one-electron Kohn
Sham (KS) equations were solved at a dense grid of points of
real-space, using nonlocal pseudopotentials (PP) in Kleinman

Molecular springs with tunable helical pitches were synthe-
sized recently. At the room temperature, these organometallic
salts form monoclinic crystals whose unit cell contains two

helical strands of opposite handiness. Simply suspending theand Bylander’s separable foPrto describe the effects of core

crystal in a solution of another negative balancer X results in a lect Th dopotential ted by the Troul
complete exchange of negative ions, leading to a large changee ectrons. 1he pseudopotentials were generated by he iroul-

in the helical pitch, up to nearly 30%. This structural flexibility €' —Martins schemfe using the_electronic configuration of

.y S .
in the helical morphology could lead to applications in molecular Bachelet,.Hamann, and Stldu The exchange (;orrelatlop
devices and biological systems. Since the physicochemical (XC) functionals were calculated within the generalized gradient

properties are closely related to the atomic structure, under- approximation (GGA), using the Perdew, Burke, and Ernzerhof

standing the structural changes occurring during the change of(P_If:’rIIE)8 l[()arr]amg;lzatlon. . ved i el |
the balancers and/or other changes in the experimental condi- e Kohn-Sham equations were solved iteratively, employ-

tions will be useful in designing practically valuable variants "9 the multlgrld method to a_lccel_erate cc_)nverge?\CEhls
with physical properties appropriate for various molecular method exploits the fact_ that iterations quickly reduc_:e error
devices components that are oscillatory on the scale of the grid, while

With the development of powerful computers, density the long wavelength components converge only slowly. After

. . . . a convergence slowdown is observed, we recursively transfer
IﬁggtrlOg?ggstcr)cr)ﬁgc?r':?r?tg?;?:&nrg%e:vsltgeﬁz?#:gﬁ?;i?gzlsi(r?FI)) the approximate solution to a coarsened grid, where the error
. y . ) - . 9Y " pecomes oscillatory, and iterate there. The coarsened solutions
important tool in physics, chemistry, and biology for the

investigation of systems that consist of large number of atoms are then transferred back to the finer grids, using a few fine-
In this work, we use the so-called real multigrid method, which scale iterations to reduce high frequency errors introduced by

allows for particularly efficient calculations for large systems interpolation. At the fmes_t levels, the grid resolutions cor-
and also parallelizes effectively on massively parallel super- responded.to cutoff energies 0f 86.1 and 70.6 Ryd fqr the N-
computers. Equipped with these theoretical tools, the present and Cl-springs, _respectlve_ly. Our _real-space formulat|_on C_IOES
work is the.first step toward the understanding of p;hysicochem- not rely on any kl.nd of_Iocghzed orbltal_s, t.h © only approximation
ical properties of the molecular springs from first-principles being thg grld dlscretlgatlon. The rel!ablllty and usefulness of
calculations. In particular, we investigate the structural changesthe multigrid method' n .the electron!c structure'context have
due to sheér deformatio,n by calculating the total energy of _been proven _by appllcat|on_s o a variety of physical problem_s,,
optimized structures at var,ious lattice angles. We focus on two including studies of mechanical and guantum transport properties
kinds of springs, the “N-spring” and the “Cl-sp')ring" which are of carbpn nanotubé%and of structures and optical anlsptroples
characterized b’y %= NOs~ and ClO- respectivély They of sgmlconductor surfacés.In all of the abovelwork' it was
exhibit large £25%) difference in the r,lelical bitch ) possible to use a fourt_h-ord_er “M_ehrstellen" dl_scretl_zatlon _of
) the KS equation, which discretizes the entire differential

- equation, rather than just the kinetic energy, and is very compact.

*To whom correspondence should be addressed. E-mail: hsk@ ynfortunately, we have so far derived the Mehrstellen discreti-
www.jeonju.ac.kr. E-mail: hsk@nemo.physics.ncsu.edu. . . - L

t Jeonju University. zation only for cubic, orthorhombic, or hexagonal primitive cells.

*North Carolina State University. Since the crystal structure of the molecular springs is monoclinic,
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TABLE 1: Bond Lengths (in Angstroms), Bond Angles, and Other Geometrical Parameters for the N-Spring

EXP MP2 JUNG LDAO PBE-5 PBE+0 PBEf5
I(C—H) 1.084 0.93(1) 1.09(1) 1.08(1) 1.08(1) 1.08(1)
I(Ag—Ag)° 3.35(0) 3.18(1) 3.21(1) 3.17(1) 3.17(1)
I(Ag—N) 2.247% 2.14(1) 2.15(1) 2.15(1) 2.16(1) 2.13(1)
I((N—0) 1.2% 1.273 1.22(1) 1.26(1) 1.27(1) 1.27(1) 1.27(1)
1.26
I(N—N)" 4.27(0) 4.29(1) 4.28(1) 4.30(1) 4.25(1)
O(N—N-X)i 76.1(0) 76.0(1) 75.2(1) 76.0(1) 76.2(1)
O(N—Ag—N) 180.0 173.1(0) 169.6(4) 170.2(5) 169.7(4) 169.5(6)
6(ion-ion-X)¢ 62.4(0) 62.7(2) 62.5(1) 62.8(2) 64.2(3)
P 48.2(0) 47.7(1) 47.5(1) 46.6(1) 47.2(1)

a EXP denotes values taken from experimental data, and MP2 represents data calculated in this work using the MP2 method in the GAUSSIAN98
program. JUNG denotes Jung et al's X-ray data at the lattice ghgl€9.04. Other data were obtained in this work after structure optimization.
LDA is based on the LDA parametrization of Perdew and Zunger, while PBE denotes the GGA parametrization of ref 8. Shffix@sand+5
correspond tqQ3 = 94.04, 99.04, and 104.04, respectively. Values in parentheses denote the standard deviations in the last decimal place.
b Experimental data taken from ref 1%interatomic distance between proximal silver atoms not belonging to the same helical $wahe
obtained in this work from a MP2/LANL2DZ calculation for the Ag(NPH- ion using the GAUSSIAN98 program. Discrepancy of this bond

length from other values in the table can possibly reflect the inaccuracy of the calculation with LANL2DZ bases set for Ag conijiogeaisnental
data taken from ref 20.Value quoted in ref 219 Value obtained in this work from a MP2/6-33-G* calculation for NQ~ ion using the
GAUSSIAN9S8 program! Interatomic distance between nitrogen atoms belonging to the samgNN motif. | Angle that the N=N vector between
nitrogen atoms in the same-Mg—N motif makes with theX axis. Bond angle between corresponding atoms in the samédy-N motif.

K Angle that the vector N© — NO;~ between nitrate ions in the same helical strand makes witX tivds.' Angle that two N—N vectors in the

same helical strand make with respect to each other.

we developed procedures for solving the KS equation that arethe N- and Cl-springs, respectively. Figures 1 and 2 shows two

based on eighth order finite difference dicretization on a
monoclinic grid, using 25 and 33 grid points for Laplacians
and the gradients of the wavefunctions. Optimization of the
atomic positions was achieved by relaxing in the direction of
the Hellmanr-Feynman forcég for several tens of steps, until
the average force was less than 0.0005 Hawrsee/hereag is
the Bohr radius.

Only theT"-point was included in thk-space sampling unless
specified, since the unit cell is so large that the difference in

springs in the unit cell, projected onto tK¥ plane. For a better
understanding, atoms lying outside two helical strands were
translated by proper lattice vectors. The figure also shows our
convention for the atomic serial numbers to be used afterward.
For each of the springs, a strand on the left-hand side constitutes
a left-handed helix, while the one on the right-hand side forms
a right-handed helix. In JUNG data for the N-spring, N42 and
N44 of the N-spring are located above N45 and N46 by 5.685
and 5.460 A along the helical axis, respectively. For the Cl-

the total energy is less than 0.001 Hartree for calculations with spring, N34 and N39 are located above N4 and N35 by 6.782
1 and 2k-points in the Brillouin zone along the helical axis, A.

the direction of the shortest lattice parameter. Most of our results  \ye first consider the geometry of the N-spring, which was
have been calculated with the PBE XC functional (PBE-OPT). qgptimized for a crystal whose cell parameters are the same as
Since the local-density approximation (LDA) usually predicts , junG. As summarized in Table 1, there are three major
bond lengths that are slightly shorter than the experimental yitferences between the JUNG and PBE-OPT: (i) In the latter,
values while the GGA behaves oppositely, the LDA calculations 1o c—H pond lengthd(C—H) (1.08 A) are in good agreement

help to assess the reliability of our theoreﬁcal resulys. This is ith those experimentally reported for aromatic compounds
especially the case when there are large discrepancies betwee&.084 A)14 As is known well, JUNG bond lengths<(0.93 A)

the experlmental data and the PBE-OPT resylts. Our LD.A show large discrepancies from the experimental data. Unexpect-
calculations are based on the exchange-correlation parametriza

tion due to Perdew and Zung&Similarly to the case of PBE-
OPT, LDA-OPT denotes a structure optimized using LDA
forces.

Results

Refinement of the X-ray Structure: We briefly describe

edly, LDA-OPT predicts bond lengths slightly longer than the
experimental data. (i) In PBE-OPT, interatomic distances
between proximal silver atoms, AgIAg28 and Ag27Ag29

of 3.17 A, are smaller than those in JUNG by 0.18 A, which
results in distances increased by more than 0.09 A between silver
atoms belonging to the same helical stram@fsg1—Ag27) and
[(Ag28—Ag29). A similar behavior is also observed in LDA-

the structural features of the spring that are relevant to our OPT. In fact, these distances are smaller than the sum of the

discussion. Important structural motives are: (i) coordination
of Ag(l) with nitrogen atoms through a NAg—N bond and

(i) Py20, in which two 3,3-oxybispyridines (Py) are connected
to an oxygen atom. One helical turn consists of two units of
alternating N-Ag—N and PyO motifs. Negative balancers X
form two columns along the axis of the oblong helix. In our

van der Waals radi (3.40 A) for a pair of silver atoms.
However, we note that an AgAg distance comparable to this
value (3.227 A) is also observed in the crystal structure of
silver—pyridine complex in absence of any bridging ligatién.
In addition, Ag-Ag distances in the coordination compounds
are often found to be similar to those in the silver metal (2.89

work, the Cartesian coordinate system is defined in such a wayA).1” One of possible explanations of this closed-sh&i-di'°

that the positiveX axis is parallel to the lattice vecta; and
the Z axis (=helical axis) is parallel td of the P2;/c space
group. The primitive cells contain 104 and 108 atoms for the
N- and Cl-springs, respectively. The lattice vecadies in the
XY plane and makes an anglewith the X axis. In Jung et al's
X-ray data (JUNG}Y, helical pitches are 7.430 and 9.034 A for

interaction was given in terms sf-d mixing. Relativistic effect

are also nonnegligibl& but they are implicitly included in our
calculations, since the pseudopotential of silver was generated
from the scalar-relativistic all-electron atomic calculatidhii)
Values ofl(N—0) in NOs;~ groups (1.27 A) are slightly longer
than the average experimental data (1.22 dnd 1.26 &%)
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Figure 1. Structures of (a) N- and (b) Cl-springs projected onto XY planes. X hais is parallel to the axis and theZ axis to theb axis of the

space grougP2,/c. The lattice vectom lies in the XY plane and makes an anglewith the X axis. Atoms lying outside the two helices were
translated by proper lattice vectors. The numbering convention for atoms other than hydrogen is also shown. Different kinds of atoms are represented
by different colors: greer carbon, blue= nitrogen, red= oxygen,, white= hydrogen, gray= silver, and black= chlorine.
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TABLE 2: Bond Lengths (in Angstroms), Bond Angles, and Other Geometrical Parameters for the CI-Spring

EXP MP2 JUNG LDAHO PBE-5 PBEO PBE+5
I(C—H) 1.084 0.94(3) 1.10(1) 1.09(1) 1.09(1) 1.08(1)
I(Ag—Ag)° 3.36(0) 3.54(2) 3.40(1) 3.57(3) 3.96(1)
I(Ag—N) 2.247 2.15(1) 2.17(1) 2.16(1) 2.18(1) 2.16(1)
I(CI-0) 1.48 1.490 1.39(3) 1.45(1) 1.47(1) 1.47(1) 1.47(1)
I((N—N)g 4.29(0) 4.33(1) 4.30(1) 4.34(1) 4.28(1)
O(N—N-X)h 81.9(0) 82.1(2) 81.5(2) 82.1(2) 81.8(3)
O(N—Ag—N)' 180.0 172.8(0) 174.7(9) 170.7(3) 174.6(9) 165.3(7)
6(ion-ion-X) 66.3(0) 63.7(4) 64.9(1) 63.5(4) 66.1(1)
7 63.7(0) 61.2(1) 63.6(2) 61.4(2) 64.2(7)

a EXP denotes values taken from experimental data, and MP2 represents data calculated in this work using the MP2 method in the GAUSSIAN98
program. JUNG denotes Jung et al’'s X-ray data at the lattice g@hglel06.7. Other data were obtained in this work after structure optimization.
LDA is based on the LDA parametrization due to Perdew and Zunger, while PBE denotes the GGA parametrization of ref 8-Sy ffikesand
+5 correspond t@ = 101.7, 106.7, and 111.7, respectively. Values in parentheses denote the standard deviations in the last decimal place.
b Experimental data taken from ref 14interatomic distance between proximal silver atoms not belonging to the same helical $Wahe
obtained in this work from a MP2/LANL2DZ calculation for the Ag(NP" ion using the GAUSSIAN98 program. See caption d of Table 1 for
more details¢ Experimental data taken from ref 20value obtained in this work from a MP2/6-38-G* calculation for CIQ~ ion using the
GAUSSIAN98 program? Interatomic distance between nitrogen atoms belonging to the sanfgNN motif. " Angle that the N>N vector
between nitrogen atoms in the same-Ag—N motif makes with theX axis. Bond angle between corresponding atoms in the samAdy-N
motif. | Angle that the vector ClIQ) — CIO,~ between chlorate ions in the same helical strand makes wittX theis. kK Angle that two N—N
vectors in the same helical strand make with each other.

O(N—N-X) that theX axis makes with the vectors N4MN44,

a
@—-o /\ o N43—N46, N7—N6, and N42-N45.
/N’” O = Next, we describe the major structural differences between
NOy &
3 g
/
NOy

g Now @ JUNG and PBE-OPT for the Cl-spring whose lattice parameters
N=—

zZ

A
N' are the same as in JUNG (see Table 2). (i) We again observe

iy

- N that C—H bond lengths (0.94 A) are too short in JUNG, while
N / 7N\ NOy A those (1.09 A) of PBE-OPT are in very good agreement with
Q- — ~n 9 experimental data for those in the aromatic compounds. (ii)
o Contrary to the case of the N-spring, the interatomic distances
\ Yy of 3.57 A between the proximal silver atoms (AgAg29,
Ag28—Ag30) are larger than those in JUNG (3.36 A) by more
g g30) g y
b / \ 0 than 6%, which is manifested in smaller distances between
o /N 0 Agl—Ag28 and Ag29-Ag30. A similar behavior is observed
/N / A N=— - in the LDA-OPT. (iii) We also note that there is a large
o N aor / \> difference in the two G+O bond length$(Cl—0) = (1.39 A,
4'@\ i |/ = 1.47 A) between JUNG and PBE-OPT. The latter shows good
cloy Ag_N\\ L agreement with experimental data reported for the,Clion
\/\ s . 9 (1.48 A). We have again performed a MP2 geometry optimiza-
0 =N tion using the GAUSSIAN98 program for the isolated @10
'0/@ ion, which resulted in(CI—0) = 1.490 A. In JUNG, the bond
/ lengths are smaller than the experimental and the MP2 data by

Figure 2. Schematic representations of (a) N- and (b) Cl-springs shown more than 5%. Moreover, there is a large variation among them,
in Figure 1. three times larger than that in PBE-OPT (see Table 2). Turning
to LDA-OPT, the bond lengths are slightly shorter than those

observed in the presence of various counterions. To makead-in PBE-OPT. Contrary to the case of the N-spring, a slightly
ditional comparisons, we have performed a separate geometrylarger angle is observed f&{(N—Ag—N) in PBE-OPT than in
optimization for the N@ ion using the GAUSSIAN98 JUNG. Similarly to the N-spring, the reverse is truejfangles.
program?? A MP2 calculation with 6-3%+G* basis set gives Change of Structure upon Deformation: Next, we describe
I(N—O)= 1.273 A, which is in a very good agreement with the structural changes occurring upon deformation of the unit
that of PBE-OPT. On the other hand, the bond |engthS in JUNG cell. To investigate these effectS, we have optimized the
(1.22 A) are much shorter than the MP2 value. Our additional geometry of the springs through a series of energy minimizations
calculation shows that LDA-OPT gives bond lengths that are at different lattice angles. We first consider the N-spring.
in close agreement with those of PBE-OPT and MP2. Optimizations were performed at tv\@ ang|es (940ﬂ and

We also list two other differences between PBE-OPT and 104.04) apart from that observed in the X-ray structure (9904
JUNG. (i) 6(N—Ag—N), the angle between atoms belonging All the other lattice parameters were the same. For simplicity,
to the same NAg—N motif, is smaller in PBE-PT than in the  the parametea was chosen to satisfy the relatiafsin ) =
JUNG by approximately 3 while the N-N distance in the motif ap(sin Bo),where the subscript “0” denotes the quantities taken
is slightly longer. (ii) the angleg, which two N—Ag—N motives from the X-ray data. This corresponds to an application of a
belonging to the same helical strand make with respect to eachshear force along either theX or +X directions. The important
other, are smaller by 1°6There are two such angles, the first structural changes are as follows: (i) the vectors NMNA4,
one being defined by the vectors N7 and N42-N45, and N43—N46, N7—N6, and N42-N45 tend to align more
the second by N47#N44 and N46-N43. All these structural perpendicularly to theX axis at a largep angle. In Table 1,
adjustments are accompanied by a marginal change in the angléehis is easily seen from an increase &{N—N—X) upon an
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TABLE 3: Angles that the N—O Vectors in the NO;~
Groups of the N-Spring Make with the X Axis?
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TABLE 4: Angles that CI—0O Vectors in the CIO,~ Groups
of the CI-Spring Make with the X Axis?

JUNG LDA+0 PBE-5 PBE+O PBEtS5 JUNG LDA+0 PBE-5 PBE+O PBES
N8—03 -9.4 —-9.8 —-9.6 -9.9 —-13.5 CI5—-C6 73.2 73.0 75.2 73.4 78.0
N8—04 105.2 103.4 104.5 103.3 100.6 CI5—-07 140.2 148.8 139.2 148.7 141.1
N8—05 —-125.8 —1242 —-126.3 —124.0 -—128.3 CI5—-08 —24.0 —-6.1 —-18.5 -5.7 —20.0
N48—033 170.6 170.8 172.6 170.8 170.5 CI5—-09 -1248 —-109.1 —122.3 -—109.0 -—123.9
N48—-036 —74.8 —75.4 —73.6 —75.3 —75.8 Cl40-043 —106.8 —105.2 —-106.5 -—-104.9 -—-102.2
N48—039 54.2 55.5 57.6 55.5 56.0 Cl40—046 —39.8 —28.9 —46.4 —28.9 —29.8
N50—-035 —-9.4 —-10.6 —9.7 —-10.4 —15.0 Cl40—049 156.0 176.9 160.6 177.4 163.5
N50—-038 105.2 105.4 106.3 105.3 101.8 Cl40—052 55.2 73.5 55.5 73.8 61.9
N50-041 —125.8 —1245 —123.3 —-124.6 —1285 Cl41-044 -106.8 —107.5 -109.1 -107.4 -—101.8
N49—-034 170.6 169.5 170.5 169.8 168.2 Cl41—-047 —39.8 —-31.0 —46.4 —-31.1 —-30.3
N49-037 —74.8 —74.0 —73.2 —-744  —759 Cl41-050 156.0 174.6 160.2 174.9 166.5
N49—-040 54.2 55.4 56.9 55.4 54.0 Cl41-053 55.2 715 55.6 71.8 63.6
aThe notation is the same as that in Table 1. g:i%_gig l}é% 11%3 112122 1742954 17337'?5
Cl42—051  —24.0 —20.5 -19.7 -20.7 —20.1
increase off . However, this increase (X)0is much smaller Cl42—054 —124.8 —1195 —122.0 —-119.7 —-1235

than that of3 (10°). In addition, noticeable changes are induced
in the N—N distance upon the change f This distance first
increases from 4.28 to 4.30 A #sincreases from 94.04to

a2The notation is the same as that in Table 2.

0.007) atp = 94.05 and 104.05, respectively. Therefore,

99.04, but it decreases to 4.25 A as the angle increases byobserved change irfExn+Eegs mainly originates from the

another 8. This behavior is mostly due to the change of the Y
component of the N-N vectors upon the change of the angle.
Similar behavior is observed for the AgN bond lengths. (ii)
Table 3 shows that oxygen atoms in BROgroups rotate
clockwise in a concerted way @sincreases, with the average
rotation being 3.2upon a 10 increase inj. Eleven out of 12

redistribution of electron density around ion cores upon
deformation, not by ionic displacements themselves.

Next, we consider deformations of the Cl-spring. Geometry
optimization was performed at two othgrangles (101.7and
111.7) in addition to that observed in the X-ray structure
(106.7). In general, the structural changes are more complicated

oxygen atoms turn out to rotate in the same direction in both than those of the N-spring. The important features can be

of the first and the second increases fby 5°. This is

summarized as follows: (i) The-NN vectors between nitrogen

unexpected, since one could suppose that they would make aatoms belonging to the sameMg—N motifs tend to rotate
substantial counterclockwise rotation in accordance with the counterclockwise by 0%upon the initial increase ¢f by 5°

increase irB . No appreciable change is observed for the®

from 101.7. However, these motifs are quite resistive to further

bond length upon rotation (see Table 1). (iii) We observe that rotation in the same direction. Instead, they exhibit a small

the relative displacements of NOgroups in the same helical
strand, the vectors N48N8 and N49-N50, tend to align more
in parallel with theY axis at a largep angle. Again, this is
mostly achieved by displacements@.1 A) of N8 and N50
along +Y axis. (iv) As thes angle increases, silver atoms

clockwise rotation upon the increase/bfo 111.7. The change
in O(N—Ag—N) is consistent with this trend, since that angle
also first increases and then decreases upon increagegiifn
On the average, the oxygen atoms in £l@roups make large
counterclockwise rotations of 9.1upon the first increase.

belonging to different strands come closer and distance betweerfFourteen of the 16 oxygen atoms rotate in the same direction

them reaches 3.17 A At= 104.04. As we have already noted,

(see Table 4), and this angle change is much larger than the

this is still larger than the interatomic distances in the silver one observed for the N-spring. A further increas¢ iimduces

metal.
Calculations of total energy for the PBE-OPT at differgnt

an average clockwise rotation by 5.1but it is much less
concerted because only 10 of them rotate in the same direction.

angles show that the equilibrium is located at an angle close to (iii) Unexpectedly, the vectors Ct5CI40 and Cl42-Cl41 do
that observed in the X-ray structure. Furthermore, a simple not make an appreciable change in their angle withXlais
calculation based on the harmonic approximation shows thatupon increase ofs from 101.7 to 106.7. However, an

the shear modulus is'0.01TPa, lying between those of lead
and glas$2 The total energy of a spring can be simply written
as a sum of the kinetic energy of electrdig, the electrostatic
energy of ions and electrofiigs, and the exchangecorrelation
energyExc. Our calculations giveAEio, AEkin +AEgs, AExc)

= (0.023, 0.086,-0.063) and (0.019, 0.04%0.022) atp =
94.05 and 104.05, respectively. Here, the energy differences

additional increase of the angle brings about counterclockwise
rotations of the vectors by Z6which are accompanied by
relative displacements greater than 0.1 A of CI40 and Cl41 along
the +Y axis. (iv) Unlike the case of the N-spring, the vectors
between the proximal silver atoms, Ag38g28 and Agi~Ag29,

get elongated ag increases. This is achieved by elongation
along theZ axis, which can occur relatively easily due to the

A(in Hartree units) are calculated with respect to those at the longer helical pitch of the Cl-spring.

X-ray f angle £99.04). We find that the sum of the kinetic

Figure 3 shows a plot of the total energy as a functiof,of

and electrostatic energies strongly favors the X-ray angle, while which demonstrates that the equilibrium is located ngar
the exchange-correlation partially compensates for large in- 106.7. However, the curve has a strongly asymmetric form and
creases of these energies upon deformation. The differences int is more difficult to increase¢s than to decrease it. To make

ExintEes at different 5 angles can be largely ascribed to

this point more clear, we made an additional calculation of the

concurrent displacements of a large number of valence electrongotal energy for an optimized structurefat= 99.2, for which
around charged ions as the ions are moved. This can be seemve find that its energy is still lower than that gt= 111.7.

by further decomposingees into Ein and the remaining
contributions, wher&;o,, denotes the electrostatic energy of ion
cores in interaction with other ion cores. We find very small
increases irEjp, upon deformation. NamelyAEj,n = (0.003,

Compared to the N-spring, this spring is approximately twice
as resistive to the increase by 5°, while it is 3 times softer
with respect to its decrease. Similarly to the N-spring, separation
of the total energy into itEgs, Exin, andExc components shows
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Figure 3. Total energy of the Cl-spring vs the lattice angte Open
circles denote data points corresponding to PBE-OPT, while the solid
line represents a cubic fit to those data. 0.008

that the stabilization of the X-ra§ angle is due to the kinetic
energy and the electrostatic contributions. Upon deformation,
a large increase is induced in these components of the energy,
which is only partly compensated for by the exchange-
correlation contributions. Compared to total increase&gf

+ Egs, we also observe very small increases in its ionic
componentEj, upon deformation.

Electronic Density of States: Calculations of the electronic
density of states (DOS) show that both N- and Cl-springs are
semiconductors with calculated band gaps of about 2.45 and
2.39 eV, respectively. Since both GGA and LDA calculations
substantially underestimate band gaps for most systems, the true
band gaps are likely to be even larger. Figure 4 shows that the 0
electronic densities of the N- and Cl-springs are quite similar o Eiev)
to each other for both the vf':l_lence and th_e conduction ban_ds'Figure 4. Electronic density of states for (a) the N- and (b) Cl-springs
We have also performed additional calculations of the DOS with for the PBE-OPT. In each case, the Fermi level is at zero of the energy
lattice parametera = 18.368 and 17.588 A for the N- and CI-  axis. Solid lines correspond to the three-dimensional crystals, while
springs, respectively. The supercell geometries in these calcula-dashed lines represent the two-dimensional ones. See the text for more
tions effectively correspond to those of two-dimensional crystals details.
in which the periodicity along the lattice vectaris removed,
since there is now a thick vacuum layer 7.0 A) along that correctly lead to minima near the experimentally observed
axis. For these systems, there are substantial decreases in théalues. In addition, we have investigated the elastic responses
normalized DOS due to the increased cell volumes. However, Of the springs to changes th which lead to interesting structural
there are no significant Changes in the band gaps (225 and 2_35:hanges. For the N-Spring, nitrate ions make concerted rotations
eV for the N- and Cl-springs, respectively). Noting that the in a clockwise direction as the angle increases from 94t04
periodicity along the lattice vectom nor ¢ cannot be due to ~ 104.0% around the X-ray data value. For the Cl-spring, chlorate
covalent interactions, it is likely that the calculations for one- ions exhibit an enhanced rotation in the counterclockwise
dimensional springs with periodicity only along the lattice vector direction upon the increase fffrom 101.7 to the X-ray value
b would also result in band gaps not much different from those of 106.7. However, they are quite resistive to further rotation
in the two- and three-dimensional cases, suggesting that the bandh this direction, and an additionaf fncrease leads to a rotation

gap is mainly determined by interactions along the helical axis. in the clockwise direction. These behaviors are strongly reflected
in the shapes of the potential energy curves as a functigh of

. For the N-spring, the curve has a symmetric form, from which
the shear modulus was estimated to be about 0.01TPa. For the
We have performed structural investigations of the monoclinic Cl-spring, the curve is strongly asymmetric and shows that the
crystals of N- and Cl-molecular springs using real-space density spring is quite soft with respect to the decreasg éfom the
functional calculations with generalized gradient approximation experimental value, while being much harder with respect to
and also within the local density approximation. Some comple- its increase. Calculations of electronic density of states reveal
mentary MP2 calculations were also carried out. In comparison that both springs are medium gap semiconductors.
to Jung et al's X-ray data, the coordinates of the hydrogen and
silver atoms, as well as those of the negative balancers, were Acknowledgment. Hong Seok Kang thanks Jeonju Univer-
refined through geometry optimization. Our calculations of the sity for financial support during a sabbatical leave. We also
total energies as functions of the nonorthogonal lattice gfigle appreciate the North Carolina Supercomputing Center and the
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Supporting Information Available: Cartesian coordinates
for the optimized structures obtained from the PBE calculations
for the N- and Cl-springs at different lattice angles, and the
corresponding data from the LDA calculation at the lattice angles
given in the X-ray data. This material is available free of charge
via the Internet at http://pubs.acs.org.
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