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ABSTRACT: We present the results of a high-resolution low-temperature synchrotron r
structural study of the nitrogen-containing analogue of cupric oxide, copper carbodiimide ~ =
(CuNCN). The material clearly manifests a surprising nonmonotonous behavior of the a —r ]
lattice parameter as a function of the temperature: its decrease with decreasing temperature
turns to a distinguishable increase below 100 K. The onset temperature of this anomaly
nearly coincides with that of the onset of the activation temperature dependence, as seen o

from the magnetic susceptibility, which has been tentatively attributed to the formation of a ./\"'/\
gapped 2D spin-liquid (resonating-valence-bond) state. In accord with this assumption, we a\/a

develop a theory relating the temperature behavior of the spin susceptibility to that of the ' v
lattice parameter, which semiquantitatively agrees with the observed behavior. /_‘\/A\/A\
¥ o

-

4

SECTION: Molecular Structure, Quantum Chemistry, and General Theory

I )aulings ingenious idea of a (resonating) valence-bond rather normally because its antiferromagnetic phase transitions
~3. . . . . . . . . .

state”~ is a chemical milestone in describing the electronic apparently result from various 1D antiferromagnetic chain

structure of the benzene molecule as a superposition interactions.'

(resonance) of its valence structures corresponding to different Doping (or substitution) of the copper site looks rather

pairings i)f the 7 electrons. Within solid-state physics, straightforward to “tune” cupric oxide electronically, but an

Anderson” suggested the resonating-valence-bond (RVB) alternative approach consists of chemically modifying the anion

state as a possible model for a new type of insulator, and this such as in the nitrogen-containing CuO analogue called copper

model turned out to be extremely helpful® to explain thg carbodiimide (CuNCN). In this compound, the NCN?*~
properties of the high-temperature cuprate superconductors. carbodiimide anion (not the N nitride anion) replaces the
Since then, this hypothetical ground state is being sought in 0% oxide anion for charge-balance reasons, in the spirit of a
many materials, for example, those where one expects “N*7” (divalent nitride) species that does not exist. CUNCN
structurally stipulated frustration of the magnetic exchange has only recently been synthesized in pure form, and its
interactions to induce RVB-type ground states.” In particular, structure has been determined.'* In the orthorhoml;ic crystal

the “organic” conductors of the family x-(BEDT- . -
TTE),Cu(CN);® and the halocuprates of the formula structure depicted in Figure 1, one finds corrugated layers of
p Cu® ions that experience a rather typical first-order Jahn—

Cs,CuCl, and Cs,CuBr,”~'! are considered to be highly ) ) a )
probable RVB candidates. From a more theoretical perspective, Teller distortion m}h four Cu—N distances around 2.0 A and
two more at ~2.6 A.

the possibility of a 2D spin-liquid state has been recently
CuNCN is a most peculiar material. The first magnetic

confirmed based on large-scale quantum Monte Carlo -
simulations.'” Nonetheless, the characteristic temperatures of susceptibility data showed a very small and almost temperature-

these complex phases are on the order of only a few kelvins as
compared with hundreds of kelvins (e.g, the Néel temper- Received: October 24, 2012
atures) characteristic for the copper-oxide-based materials. The Accepted:  October 31, 2012
parent compound of all cuprates, cupric oxide (CuO), behaves
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Figure 1. (a) Crystal structure of CuNCN and (b) the dominating
exchange parameters existing in its ab plane. A stronger ], extends in
the a direction, whereas a weaker J, extends along the b + a directions.

independent signal, and GGA(+U) electronic-structure calcu-
lations were in accord with antiferromagnetic spin exchange
paths within the ab plane, compatible with a 2D § = 1/2
frustrated triangular Heisenberg quantum antiferromagnet.'®
Puzzlingly enough, it was impossible to observe magnetic Bragg
peaks for perfectly crystalline CuNCN at very low temperature
(4.6 K), even when operating with highly polarized neutrons'®
such that coherent magnetic scattering indicative of ordering of
unpaired electrons could clearly be excluded. This observation
makes whatever antiferromagnetic electronic-structure mod-
els"” proposed in the sequel extremely unlikely.

More recent physical measurements, that is, magnetic
susceptibility, electron-spin resonance, nuclear magnetic
resonance, and finally muon-spin relaxation studies, also reveal
that classical magnetic ordering is absent down to the lowest
temperatures in the millikelvin range.'® Instead, one observes a
fairly temperature-independent paramagnetism down to ca. 100
K, which changes to a considerable decrease in the
susceptibility evolving in an activation-like fashion. Incidentally,
there is no susceptibility difference between the field-cooled
and zero-field-cooled samples, which makes the spin-glass
picture questionable as well. All that did not receive
unequivocal interpretation so far. Either an unexpected
inhomogeneous magnetic ground state or a gapped dynamical
spin-liquid state has been proposed to install below 100 K, both
to be attributed to a peculiar fragility of the electronic structure
against weak perturbations due to geometrical frustration. This
immediately asks for a high-resolution structural analysis in that
alternative (RVB?) ground states might manifest themselves in
the structural parameters, even if the structural changes were
extremely small, simply because the latter would then occur by
the reconstruction of only a small fraction of all electrons. This
study aims to bring new insight into the crystal structure of
CuNCN at low temperatures (S K) with very high resolution
and accuracy. On the basis of the observed features, we provide
a tentative theoretical explanation in the sense of the long-
sought resonating valence-bond state.

To start with, the unit cell volume deduced from T-
dependent synchrotron data decreases from room to very low
temperature (Supporting Information), just as expected for
regular solids. For the course of the individual lattice
parameters, depicted in Figure 2, the behavior is more complex.
Whereas the b lattice parameter looks rather unobtrusive, the
behavior of the a and c lattice parameters turns to be more
chaotic at ~150 K and, at least for the a parameter, it clearly
inverts (1) below 100 K: there is a distinct increase in a while
the temperature decreases. Incidentally, this increase sets in at
approximately the same temperature where the ESR and
SQUID measured magnetic susceptibilities begin to decrease.'®
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Figure 2. Course of the lattice parameters g, b, and ¢ of CuNCN as a
function of the temperature. Data of the first run (4 = 0.50195 A) are
given in black, and those of the second run (4 = 0.50350 A) are given
in red. More details are given in the Experimental Methods section.

It has been conjectured" that the switch between the
temperature-independent paramagnetism above 80—100 K
and the magnetic susceptibility vanishing according to an
activation law below this temperature may be attributed to a
transition between the two magnetically disordered spin-liquid
phases on the anisotropic triangular lattice: a high-temperature
gapless (1D resonating valence bond: 1D-RVB) phase and a
low-temperature gapped phase (2D resonating valence bond:
2D-RVB).2"2¢ Both scenarios have been sketched in Figure 3.
In the sequel, we will show that the structural change observed
below 100 K may indeed be explained using the same
hypothesis of the two spin-liquids.

To understand the phenomenon, we recall that the ESR
experiments'® unequivocally attribute the magnetic response of
CuNCN to that of the spins-1/2 residing on the Cu sites to
account for the observed characteristic g factors. The
interactions between these spins presumably correspond to

the Heisenberg Hamiltonian
Er,rI‘[SrSr+r (1)
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Two-dimensional RVB

Figure 3. Highly schematic representation of the two resonating-
valence-bond (RVB) states within CuNCN. At high T (right), a
strictly 1D-RVB state persists as a superposition of a large number of
microstates with horizontally (along the a direction) spin-paired Cu—
Cu couples, where each bond is a singlet, that is, a paired valence-bond
state of two electrons: 1/4/2(c"yc"y + ¢, c*q). At medium T (lower
than 100 K, middle), a 2D-RVB state is composed of microstates
including both horizontal (a) and also oblique (a * b) Cu—Cu
couplings in the triangular net. At the lowest temperatures (left), the
depletion of the order parameter € (proportional to the bond order) in
the 2D-RVB state is equivalent to a lowering fraction of microstates
with horizontal Cu—Cu couplings, thus mirrored by a slightly enlarged
Cu—Cu distance.

where J, takes one of the two values J; and J,, as depicted in
Figure 1, and each spin has six nearest neighbors whose
interactions are taken into account. S, is the spin operator on
site r, and 7 refers to one of the nearest-neighbor vectors. (See
the Supporting Information.)

Because of the frustration occurring in the triangular lattice
and depending on the ratio of the exchange parameters J, and
J», the electronic spins arrange in a 1D-RVB or a 2D-RVB state.
As shown in Figure 3, the 1D-RVB state is a superposition of
microstates with spin pairings between Cu®' that extend
exclusively within the chains lying along the crystallographic a
direction. This state presumably exists at higher temperature,
whereas at medium temperature (<100 K, middle of Figure 3),
a 2D RVB state sets in. For the 2D-RVB state, spin pairings
may also extend obliquely to the a direction so that microstates
with pairings between all possible nodes of the triangular lattice
enter the total state. Nonetheless, forming a microstate with an
oblique bond requires that at least two longitudinal bonds are
broken because each Cu®* ion may take part in only one pairing
within each microstate. Thus, the 2D-RVB state is composed of
microstates including both a-longitudinal and also oblique Cu—
Cu couplings in the triangular net. At lowest temperatures (left
of Figure 3), the number of oblique bonds increases, thus
lowering the fraction of the a-longitudinal bonds (drastically
exaggerated in Figure 3). The depletion of the order parameter
& (being proportional to the bond order, see Supporting
Information) in the 2D-RVB state is equivalent to a lowering
fraction of microstates with a-longitudinal Cu—Cu couplings.

In the mean-field picture of the RVB state,”” as adjusted for
anisotropic triangular lattices,'*"**% the amplitudes of the
microstates with different pairings depicted in Figure 3 entering
the macroscopic 1D-RVB and 2D-RVB states are integrally
characterized either by one or two nonvanishing order
parameters € and 7] (see Supporting Information). The relation
between the two in the gapped low-temperature 2D-RVB state,
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where both order parameters depart from zero, has been
obtained*® as (Supporting Information, eq 6):

E=1/72 - 77\/3]2'12/]1 )

This is in remarkable agreement with a previous numerical
result.”* There it was shown that in the 2D-RVB state onset
region (1 # 0) the & parameter manifests a very weak depletion
as compared with its 1D-RVB (7 = 0) value. Because & is by
definition proportional to the bond order between the
neighboring atoms along the a direction (Supporting
Information), this depletion directly relates to the observed
structural change, as has been reasoned® in line with a general
theoretical framework.>* ' A similar construct has been used
in the cuprate RVB context.*”

Let us first assume that the lattice contribution to the total
energy per copper site can be harmonically approximated as a
function of the Cu—Cu separation along a. In fact, the Cu—Cu
separation is identical to the a lattice parameter. This yields the
term K(a — ay)?/2 in the energy. Here K is an effective elastic
“spring” constant and g, is an equilibrium lattice parameter
under the assumption that the spin contribution to the energy has
been turned off. We then express the various energy
contributions in terms of & which yields —6\/ 2], &/x for the
“kinetic” energy (see Supporting Information and ref 28) and
6J,& for the potential energy. By making use of the virial
theorem, we get —6J,€ for the spin contribution to the total
energy. If we further assume a linear dependence of the
effective exchange integral on the interatomic separation, as
given by J, = J,(ay) + J'1(a — ay), then we easily arrive to the
analogue of the famous bond-length versus bond-order
relationship:**

a=ay,+ 632] &/7K (3)

Here g, is the equilibrium lattice parameter while the spins do
contribute to the energy. Obviously, the lattice parameter is
going to increase, as observed, provided the effective exchange
integral decreases with an increasing interatomic separation (J';
< 0). On this basis, we may state that a decrease in & will
increase the equilibrium interatomic separation in the a
direction, and this is seen from the experiment (Figure 2).
Finally, we reiterate the tentative interpretation18 of the ESR-
measured magnetic susceptibility in the form of a gradual
development of the energy gap in the spectrum of fermionic
quasiparticles below ca. 100 K. In that study, the gap has been
tentatively identified with the gap of 3\/ 2] characteristic for
the 2D-RVB gapped spin liquid. The ESR susceptibility
measurements interpreted in that sense provide an estimate
for the temperature dependence of the # order parameter.
Combining eqs 2 and 3, we arrive at the course of the
equilibrium interatomic separation in the 2D-RVB state

da= A% A=-6LJ\/]K @)
which immediately shows that the a lattice parameter in
CuNCN must manifest the same temperature trend as the 2D-
RVB gap (J'; < 0), although with somewhat damped amplitude
due to its second order in a small quantity 7. The theory™®
allows us to establish a semiquantitative correspondence
between the ESR-measured energy gap and the observed
structural variation. As mentioned before, the gap equals
3\/ 2] 11, which together with the value of J, = 540 K allowed
estimation of the temperature dependence of # in ref 18. By
taking these # values, we have tried to model the temperature
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dependence of the a lattice variation using eq 4. The result is
presented in Figure 4. Indeed, the lattice-parameter variation is

a(A)
2.9886 - i
eb oo
2.9885 ° ? ? .
e
2.9884 RVB model °
A=0.33A
2.9883 d experiment
2.9882 - ) i
. ¢
T T T T T
0 20 40 60 80 100
T (K)

Figure 4. Course of the variation of the a lattice parameter of CuNCN
as a function of the temperature, with the experimental low-
temperature data (1 = 0.50350 A) and their standard deviations
given in red. The blue and green model values have been calculated
from the ESR-based data'® on the magnitude of the order parameter 7.
The standard deviations in T are smaller than 0.2 K.

in qualitative agreement with the experimental data from our
synchrotron diffraction study. A semiquantitative agreement
can be achieved with coefficients A of 0.33 and 0.4 A. Using
these values and the estimate'® for J, = 2300 K, one further
calculates, respectively, 0.23 and 0.28 A for the effective spin-
phonon coupling constant J';/K, which seem to be acceptable
values as well.

We also note that even within the achieved accuracy there is
not the slightest trace of any superstructure formation in either
crystallographic direction, thereby excluding the spin-Peierls
scenario>® for CuNCN (see also below), equivalent to the
bond-order wave state.>**® For the adopted triangular lattice
model in the ab plane, this fact allows us to make one more
estimate for the relative strength of the interactions involved:
the characteristic spin-phonon energy (J';)?/K must be smaller
than the oblique exchange J,, both taking part of the effective
interaction in corresponding mean-field theories. More
characteristic is the fact that the spin-Peierls state does not
develop in the ¢ direction either, where it could be a good
ground-state candidate within the picture of a strong exchange
extended in this direction and mediated by the NCN?™ units as
actively promulgated in ref 17. Had the spin-Peierls been there
it would explain at least two key features of CuNCN: the
activation dependence of susceptibility due to opening of the
spin-Peierls gap and the absence of the magnetic long-range
order visible in the neutron experiments due to formation of
alternating Cu—Cu spin pairings along the ¢ direction.
Unfortunately, this intellectually attractive picture has to be
abandoned for the time being on the basis of the obtained
structural information.

One may also wonder why a dimerization along the a
direction is not contained in our model and incidentally does
not show up from the data. Such dimerization would become
relevant close to the isotropic limit J,/J; ~ 1, and we are far
below that according to the aforementioned estimates.
Otherwise such dimerization is either an artifact caused by a
finite number of chains transversally to a or is even suppressed
already relatively close to the isotropic case (J,/J; = 0.7).%°
Although ref 20 offers a larger variety of order parameters, the
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most crucial features of the two kinds of spin liquids (a gapless
one and another one with a small gap) are adequately
reproduced even by our simpler model, which ultimately
stems from refs 21 and 22.

We also note that mechanostructural effects are known for
other materials, for example, magnetostriction, which obviously
is not the case because CuNCN is not a ferromagnet. Likewise,
magnetostructural effects have been reported for materials with
antiferromagnetic exchange. Such is the case for CrF, and CuF,
when antiferromagnetic order sets in below the Néel
temperature.37 CuNCN, however, is not an antiferromagnet
but a spin liquid at any temperature.'® Another example is given
by SrCu,(BOj;),, to be described by a Heisenberg model with
two exchange parameters.®® The topology of its exchange
interactions, however, fundamentally differs from that of
CuNCN, and the temperature dependence of the susceptibility
of SrCu,(BO,), manifests the typical Curie—Weiss dependence
of an antiferromagnet,39 unlike CuNCN.

In conclusion, we have observed an anomalous temperature
dependence of the a lattice parameter in the nitrogen-
containing analogue of cupric oxide, CuNCN, by means of
high-resolution synchrotron powder diffraction. The effect
manifests below 100 K and relates to the activated behavior of
the ESR and SQUID measured spin susceptibilities. We have
come up with an adequate, yet approximate, picture of the 2D
resonating valence bond state proposed recently, and we were
able to explain the observed structural features by this theory.
Namely, a rearrangement of only a small fraction of all of the
electrons induces a slight widening of the nearest Cu—Cu
distance. One finds a semiquantitative agreement between the
experimental features and the theoretical model. Provided the
theoretical interpretation of the observed effect is correct, our
structural measurements provide clear evidence of high-
temperature RVB states in CuNCN: first, the 1D-RVB state
as existing at room-temperature and responsible for the
temperature-independent paramagnetism in the temperature
region as low as 80—100 K and, second, the 2D-RVB state
below that temperature, responsible for the activation-like
behavior of the magnetic susceptibility, the total absence of
magnetic scattering as well as for the structural change reported
in the present work. Because of the scale of the exchange
parameters achieved in CuNCN, the characteristic temper-
atures for the appearance of both RVB states are higher than
those in any other material reported so far.®™'!

B EXPERIMENTAL METHODS

All preparative steps were based on highest purity educts or on
educts of analytical grade. A dark-green aqueous solution of
CuCl, dihydrate and H,NCN was prepared in a round-
bottomed flask, and a solution of Na,SO; was added upon
stirring; the solution became light-green. Concentrated
ammonia was used to attain pH > 9, whereupon pale-white
Cu,(NCN),NH; precipitated.” Upon stirring the suspension
at room temperature overnight, the white precipitate was slowly
oxidized by atmospheric oxygen to yield black and highly
crystalline CuNCN. It was separated by filtration, washed with
water, and dried in vacuo.'*

High-resolution synchrotron powder diffraction data were
collected at the Swiss Norwegian BeamLine (SNBL BMO1B) at
ESRE.*' The wavelength was calibrated with a Si standard
NIST 640c to 0.50195 and 0.50350 A, respectively. The
diffractometer is equipped with six counting channels,
delivering six complete patterns collected simultaneously with
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a small 1.1° offset in 20. A Si(111) analyzer crystal is mounted
in front of each Nal scintillator/photomultiplier detector.
Powderous CuNCN was placed in a glass capillary of @ = 0.9
mm. For low temperatures, the sample was placed in an
exchange gas liquid He flow cryostat. In a first run (4 = 0.50195
A), high-quality (in terms of statistics) data were collected for
ca. 1 h at 293 and S K between 3.5 and 38.613° (5 K: 35.496°)
in 260 with steps of 0.0025° and 500 ms integration time per
data point. During cooling between 293 and 90 K, 15 rapid S
min data acquisitions were taken between 5 and 13° in 26, also
with steps of 0.0025° but 100 ms integration time. During each
scan, the temperature was continuously dropping, and the
difference between the beginning and the end of the scan was
never recorded to be larger than 5 K. After the static 5 K
measurement, additional static data were recorded while going
up at 20, 40, 60, and 80 K. Here the temperature was stabilized
to below +0.5 K to improve the accuracy. Data from all
detectors were averaged to a step of 0.003° with local software.
Because an unusual trend of the lattice parameter a was
obtained from these data, in a second run (4 = 0.50350 A, 16
bunch mode at 90 mA, glass capillary of @ = 1.0 mm), data sets
were recorded with the following temperature sequence: 120,
110, 100, 90, 70, 50, 30, 10, and 140 K. The temperature was
stabilized before each scan; the temperature stability can be
estimated to be +0.2 K. Continuous patterns were recorded
between 3.5 and 37.8° in 20 with steps of 0.0025° and 300 ms
integration time per data point amounting to ~1 h per scan.
The refinements of the diffraction patterns were performed
using GSAS.* The starting atomic coordinates'* were refined
in space group Cmcm (no. 63). For all patterns, the background
profile was fitted with a linear interpolation function with six
coefficients. For the patterns at 293 and 5 K, the profile of the
diffraction peaks was modeled using a pseudo-Voigt function
with one Gaussian and one Lorentzian coeflicient and two
parameters for the peak asymmetry (S/L, H/L). Because the
fwhm of the peaks showed a marked anisotropy, the L; terms of
the expression for the empirical microstrain anisotropy
implemented in GSAS were tentatively refined. Three terms
were needed to model the 5 K data and six were needed to
model the 293 K data. All together, 26 variables were used to
refine the 293 K data and 23 variables were used for the 5 K
data. The refined pattern of the 293 K data is shown in the
Supporting Information. Details of the refinements are
summarized in Table 1 while selected interatomic distances
are given in Table 2. In terms of crystallographic resolution,
data were refined down to 0.9 A. To reduce the number of
variables for the rapid measurements between 293 and S K, no
profile and atomic coordinates were refined. This reduced the
number of variables to 12. Instead, the parameters obtained for
the 293 K data were used for all of these refinements.
Additionally, one common thermal parameter U, was refined.
From these refinements, an unusual trend of the lattice
parameter a was obtained; that is, with decreasing temperature,
a increased. To confirm this finding in a second run (see
above) patterns with a larger 20 range and improved
temperature stability were recorded. These data were also
refined using GSAS with the following sets of parameters: six
coefficients for the background profile (linear interpolation
function), zero, lattice parameters a, b and ¢, one common
thermal parameter U, three atomic coordinates, scale, a
pseudo-Voigt function with one Gaussian and one Lorentzian
coefficient, and six L; terms for the empirical microstrain
anisotropy. It was found that the peak asymmetry of the first
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Table 1. Details of the Structural Investigations (SNBL/
ESRF) and Selected Crystallographic Parameters of CANCN
(Cmem, Z = 4) at 293 K (A = 0.50195 A) and 100 K (4 =
0.50350 A)

T (K) 293 100
a (A) 2.99035(5) 2.98815(3)
b (A) 6.1869(1) 6.14842(7)
¢ (A) 9.4103(1) 9.40080(9)
vV (A3) 174.101(8) 172.715(4)
wR, 0.1496 0.1234
Rp 0.1141 0.0913
Riyroge 0.0615 0.0352
no. of reflections 132 117
no. of refined parameters 26 23

refined angular range 4° < 20 < 38.6° 9° <20 < 37.5°

Cu on 4a

N on 8f

y 0.3823(4) 0.3804(3)
z 0.3824(3) 0.3807(2)
C on 4c

y 0.3888(7) 0.3866(6)

Table 2. Selected Interatomic Distances (A) and Angles
(deg) in CuNCN at 293 and 100 K

T (K) 293 100
Cu—-N 1.998(2) 4x 2.0078(14) 4x
C-N 1247(3) 2x 1.229(2) 2%
N-C-N 176.3(5) 176.5(4)

strong (002) reflection could not be modeled convincingly with
the functions implemented in GSAS, so it was omitted in the
final refinements. As an example, the refinement obtained from
the 100 K data is also shown in the Supporting Information.
Details of the refinements are summarized in Table 1, whereas
selected interatomic distances are given in Table 2. A negative
thermal expansion of the lattice parameter a was also obtained
from these data, so the trend of the refinement results of the
first data sets was fully confirmed. In Figures 2 and S2 in the
Supporting Information, the results of both data sets are
combined such that for high temperatures the results of the first
run (4 = 0.50195 A) are shown in black, whereas the results of
the second run (4 = 0.50350 A) are given in red. The results of
the first run at low temperatures are not shown, but they are in
agreement with the results of the second run showing a larger
statistical spread. In addition, the effect seen is perfectly
reproduced from preliminary neutron-diffraction data collected
at the POWGEN instrument (SNS facility, Oak Ridge, TN).

B ASSOCIATED CONTENT

© Supporting Information

Rietveld refinement plots, course of the unit-cell volume as a
function of the temperature, and sketch of the model derivation
using refs 43 and 44. This material is available free of charge via
the Internet at http://pubs.acs.org.
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