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The magnetic properties of the isotropic (Jran = Jrung), two-
legged spin-ladder bis(2-amino-5-nitropyridinium) tetra-
bromocuprate monohydrate, [(5NAP),CuBr,-H,O], have
been studied using a first-principles, bottom-up approach,
which allows computation of macroscopic magnetic proper-
ties (for instance, the magnetic susceptibility) of a crystal
from only a knowledge of its crystal packing. Evaluation of
the J g parameters, using the 163 K X-ray structure of
[(6NAP),CuBr,-H,0], indicates that the magnetic topology of
this crystal is a two-legged antiferromagnetic spin-ladder,
with values of Ju.y and Jyyng of —22.2 cm™ and -19.7 cm™,
respectively. These values are very close to those that best fit
the experimental magnetic susceptibility curve, which are
-13.59 cm™ and -14.16 cm™, respectively. Very weak diago-
nal interactions within each ladder [J(d3) = -0.9 cm™'] and

between nearby ladders [J(d4) = —0.3 cm™!] are also found.
The computed magnetic susceptibility curve obtained using
the two-legged spin-ladder properly reproduces the experi-
mental magnetic curve (a quantitative agreement is obtained
by applying a linear scaling factor of about 0.75 to the ener-
gies). The singlet-triplet spin-gap of this spin-ladder was
computed to be 17 K, in close agreement with the experi-
mental result (11 K). The change of the spin-gap/J.n with
the size (2xL) of the magnetic spin-ladder model space was
found to converge towards 0.5, while that for a single-legged
(1xL) spin-ladder converges towards zero, both in good
agreement with the known trends for these systems.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Current research in molecular magnetism (understood
here as all forms of molecule-based magnetism) aims to
rationally design and synthesize molecular materials with
tailor-made magnetic properties that, in some cases, will co-
exist with other technological properties of interest, such as
conductivity or superconductivity. As a result of the com-
bined work of many experimental and theoretical groups,
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progress in the field during recent years has been spectacu-
lar.l"' A rational design of molecular magnets requires the
existence of: (i) properly based magneto-structural corre-
lations, which would allow us to correlate the nature of the
magnetic interaction with the relative orientations of the
radical units, (ii) a rigorous form for correlating the micro-
scopic magnetic interactions with the macroscopic magnetic
properties, (iii) a reliable methodology to predict the most
likely polymorphs of a crystal, and (iv) methodologies to
control the growth of the desired polymorph of a crystal.
Progress along these lines has been achieved, however more
is required before a rational design of molecular magnets
can be achieved.

One form of improving our knowledge on magneto-
structural correlations is by having a better (and properly
based) knowledge of the mechanism of the magnetic inter-
action for materials that present properties of special inter-
est. Such studies should be performed using a rigorous first-
principles methodology that avoids approximations or over-
simplifications and, thus, does not reach averaged results or
misleading conclusions. These studies should allow us to
generate a database of first-principles information regard-
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ing the keys governing the magnetic interaction in molecu-
lar materials.

Spin-ladders!?! are one of these materials of special inter-
est. They result from assembling a given number (n) of
chains (L) and connecting them magnetically (nxL). In the
literature, the connected chains are referred to as either the
legs or rails of the spin-ladder. The connections between the
chains are referred to as rungs. Within this field, antiferro-
magnetic spin-ladders have attracted much interest for two
main reasons: (i) their connection with high-temperature
superconductors, which are lightly-doped 2D antiferromag-
nets, and (ii) the special properties that are present de-
pending on the number of legs (ladders with an even
number of legs present a finite spin-gap between singlet
ground state, E,, and lowest energy triplet state, E;, ener-
gies, while ladders with an odd number of legs behave as
single chains and show no spin-gap; such results have been
verified both theoretically and experimentally!?)).

Up to now, the study of the magnetic properties of spin-
ladders has been based on finding a good empirical model
to fit the experimental magnetic susceptibility, and then ra-
tionalizing the experimental properties using the available
solutions for that model, usually found in the literature as
a function of the Jyyne/Jrai ratio.? In this work we will carry
out for the first time, to the best of our knowledge, a first-
principles, bottom-up, theoretical analysis of the mecha-
nism of magnetic interactions in a two-legged antiferromag-
netic spin-ladder. We have selected for study the bis(2-
amino-5-nitropyridinium) tetrabromocuprate monohydrate
spin-ladder [see Figure 1 (a)], herein identified as [(SNAP),-
CuBr4H>0], whose crystal structure has been determined
by X-ray diffraction at 163 K. This is an antiferromagnetic,
two-legged spin-ladder®! with the added interest of having
similar values for the experimental Ji,; and Jy,, values
(-13.59 and —14.16 cm™!, respectively, obtained from fitting
the magnetic susceptibility as a function of temperature).
The isotropic exchange (Jy,i1 = Jrung) case is where the effect
of the quantum fluctuations is most pronounced; the phys-
ics is the most complex and cannot be properly treated by
perturbation theory. We will apply to [(SNAP),CuBr,-H,0]
our recently proposed, first-principles, bottom-up, theoreti-
cal procedure to find the mechanism of the magnetic in-
teraction within this system and properly justify the avail-
able experimental magnetic data.

Our first-principles, bottom-up, theoretical analysis of
molecular magnetic materialsi*! is a tool that connects the
microscopic and macroscopic magnetic properties using a
rigorous numerical procedure. It could thus become a prac-
tical tool for the rational design of molecular magnets, once
good magneto-structural correlations are foundP! and a
better control of the crystal packing prediction and growth
is also achieved. The first-principles, bottom-up, theoretical
analysis starts by computing the strength of all unique radi-
cal-radical magnetic interactions (the Jop constants of the
Heisenberg Hamiltonian). There are no prior assumptions
of the relative importance of J4p, so the procedure is fully
nonbiased. The values of the J,p magnetic interactions are
then used to define the magnetic topology of the crystal,[
4698
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Figure 1. (a) Structure of the ions present in [(SNAP),CuBrysH,O].
(b) Spin distribution in the CuBr,> anion (isodensity surface of
0.002 au).

a property that allows the selection of a finite model space
representative of the magnetic interactions in the full-sized
crystal. The matrix representation of the Heisenberg Hamil-
tonian is then computed in the space of all the spin func-
tions of the finite model space, and the energy of all pos-
sible magnetic states is calculated by diagonalization of that
matrix. This allows the connection of the microscopic and
macroscopic [e.g. magnetic susceptibility y(7) and heat ca-
pacity C,(T)] magnetic properties using the appropriate ex-
pressions from statistical mechanics.! The magnetic top-
ology also allows identification of the magnetic pathways
along which the magnetic interactions propagate over the
whole crystal. We should mention that this first-principles,
bottom-up, theoretical approach has already been success-
fully applied to the study of the magnetic properties of a
variety of prototype systems.*7]

Results and Discussion

Here we will briefly describe the main steps and underly-
ing physics behind the first principles, bottom-up procedure
that we will then apply to the study of [(SNAP),-
CuBryH»0]. For the interested reader, a detailed mathe-
matical and physical account of the procedure and its basis
is available in the literature.

We have found that the following four steps allow us to
carry out the proposed first principles, bottom-up pro-
cedure in a nonbiased form:

1) The first step consists of performing a detailed analysis
of the crystal packing to identify all unique A-B radical-
radical pairs whose interpair distance is smaller than a
given threshold value (above which the magnetic interaction
between radicals is expected to be negligible). This thresh-
old is deliberately chosen to select more pairs than the first
nearest neighbors (the usual candidates in the literature).
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Such a selection procedure of radical-radical pairs is com-
pletely nonbiased.

2) Secondly, for all A-B radical-radical pairs selected in the
previous step, we evaluate the value of the corresponding
Jap Mmagnetic interactions using quantum chemical meth-
ods.

3) Using the computed Jop parameter values, we then de-
termine the magnetic topology of the crystal in terms of
how non-negligible Jp interactions propagate along the
crystal axes. Two neighboring A-B radical sites are con-
nected whenever its magnetic interaction presents a |Jap|
value larger than a given threshold, which in previous calcu-
lations was estimated to be |0.05] cm™!. Then, we search for
the smallest (finite-sized) minimal magnetic model space
that describes the magnetic interactions of the whole crystal
in a balanced way. The repetition of such a minimal model
along the (a,b,c) crystallographic directions should regener-
ate the magnetic topology of the whole crystal. The radical
centers constituting the minimal magnetic model define a
spin-space that is used to compute the matrix representa-
tion of the corresponding Heisenberg Hamiltonian (see
Computational Data section). Note that the only param-
eters required to compute that matrix representation of the
Heisenberg Hamiltonian are the Jop parameters computed
in step 2.

4) In the fourth and final step, the Heisenberg Hamiltonian
matrix is diagonalized to obtain the energy for all possible
spin-states. These energies are then used to compute the
magnetic susceptibility x(7) and/or heat capacity Cy(7)
using the appropriate expressions obtained from a statisti-
cal mechanical treatment.[*

The magnetic properties of [X,CuBr4] compounds have
been reported for a large variety of systems.!®! The packing
of these crystals can be modified by changing the size and
shape of the X* organic cation, which, in turn, induces
modifications in the observed magnetic properties. Some of
these [X,CuBry] crystals are low-dimensional 1D and 2D
magnetic systems.

The structure of the [(SNAP),CuBr,-H,O] ionic crystal
was determined by X-ray diffraction at 163 K.I¥! It crys-
tallizes in the PI space group, with cell parameters a =
7.566, b = 9.359, ¢ = 14.909 A, a = 77.073°, § = 75.912°, »
= 76.393°, and Z = 2. The packing can be rationalized as
a stack of double-decked planes [see Figure 2 (a) for a gene-
ral view and Figure 2 (b) for a view of a single double-
decked plane]. Each individual plane constituting the
double-decked planes [Figure2 (c)] presents a structure
where the SNAP* cations surround the CuBr,> anions in
a T-shaped disposition (this allows the formation of short
C—-H---O contacts between the cations, with distances within
the 2.46-2.56 A range, in addition to the C—H-+Br contacts
between anions and cations, in the 3.0-3.2 A range). The
disposition of the spin-containing units (the CuBr,>"
anions) in the crystal is shown in Figure 3. The topology
of a two-legged ladder along the crystal g-axis, previously
proposed to explain the magnetism of this crystal,’l is
clearly observed when looking at the shortest intermo-
lecular Cu-Cu distances [6.34 and 7.57 A; Figure 3 (b)].
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Figure 2. (a) bc-view of the [(SNAP),CuBryH,O] ionic crystal,
where double-decked planes run along the a-axis (Br-Br contacts
in the 3.9-4.1 A range are indicated). (b) View along the a-axis of
a double-decked plane. (c) be-view of one of the two planes forming
the double-decked planes, where the SNAP* cations surround the
CuBr4? anions in a T-shaped disposition.

The only available experimental data on the magnetic
properties of this crystal are magnetic susceptibility mea-
surements.l® The experimental y(7) data were fitted to a
two-legged spin-ladder model based on two facts: (i) the
magnetic pathways between CuBr,>~ radicals were expected
to be through-space (by means of short Br--Br contacts),
and (ii) the shortest Cu-++Cu (and Br-+*Br) contacts showed
the topology of a two-legged spin-ladder [see Figure 3 (b)].
The expression used for fitting the experimental y(7) data
for the spin-ladder was derived by extensive Monte Carlo
calculations using a Heisenberg Hamiltonian that included
both Jiyne and Jy,; at an arbitrary ratio of the two interac-
tions.*! Johnston et al.**! have obtained two different ex-
pressions for the spin-ladder susceptibility, depending on
the ratio Jiyne/Jraii- Both expressions were applied to fit the
experimental data without knowing in advance the ratio of
the exchange parameters. The dominant rung expression
([Mrungl > raill) gave an excellent description of our data
with the reported Jyye = —14.16cm ' and J; =
—13.59 cm ;1 the dominant rail expression (|/yungl < rail)
would not converge, yielding a susceptibility curve of en-
tirely the wrong shape, for any combination of parameters.
4699
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Figure 3. Views of the CuBr4>" anion within the structure of the [(SNAP),CuBr,-H,O] crystal along (a) the bc and (b) the ab crystallo-
graphic axes. Note that the Cu--Cu distances for all di radical pairs are given. The topology of a two-legged ladder is clearly envisaged.
(c) Selected di radical pairs verifying a spin-carrier interradical distance cutoff of 8.5 A (see Table 1 for details on main distances).

At this point, it is essential to stress that, although a ladder
model was explicitly used to fit the experimental available
#(T) data by means of J;ne and Jy,, it could not get the
origin of these J’s. As we will show shortly, we can contrib-
ute to explicitly get the origin of Jy,, and Ji,; by identi-
fying the radical pairs that are responsible for such micro-
scopic magnetic interactions.

Keeping in mind the packing described above for the
[(SNAP),CuBr4sH,O] crystal, we can now start the first-
principles, bottom-up study of the magnetism of this crys-
tal. On the basis of calculations that show that the
CuBr,?> +-CuBr,> magnetic interaction becomes negligible
at Cu--Cu distances above 8.5 A, in step (1) we selected all
CuBr,>CuBr,> pairs with Cu--Cu distances shorter than
8.5 A [see Figure 3 (a) and (b)]. This resulted in the four
CuBr,>+CuBr,> pairs depicted in Figure 3 (c) whose
Cu--Cu distances are 6.34, 7.57, 7.86, and 8.12 A [the next
three pairs of radicals have Cu-+-Cu pair distances of 9.34,
10.51, and 12.13 A, see Figure 3 (a)]. Each radical-radical
pair is identified as d1-d4, according to an increasing order-
ing of the Cu---Cu distance (Table 1 contains the values of
the main intermolecular parameters).

We can now proceed to step (2) and compute the value
of Jap for all di radical-radical pairs selected in step (1). As
mentioned above, these parameters are obtained by sub-
tracting the total energy of the singlet and triplet states for
each di radical-radical pair at its crystal geometry. One
could think of doing such a calculation using an (anion),
cluster, but numerical tests (see Table 1 and discussion be-
low) indicated that the (anion), cluster does not properly
reproduce the electronic structure of the radical anions
within the crystal and that one has to include in the calcula-
4700
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Table 1. Values of the Cu-+-Cu and shortest Br+--Br distances for
the four CuBr,? +-CuBr,> radical-radical pairs of the [(SNAP),-
CuBr,-H,0] crystal having a Cu--Cu distance smaller than 8.5 A
[see Supporting Information Figure S1 for the actual geometry of
the d1-d4 (anion),(cation), clusters used to compute J(di)]. Also
included are the values of the J(di) parameters for each pair.

di  Cu-Cul[A] Br-Br[A] Model J(di) [em™]
dl 6.34 4.07(2) — 4.25-5.98(2) (anion), —43.54
(anion),(cation), -19.73
a2 7.57 3.93 - 6.00 - 6.32 (anion), -28.38
(anion),(cation), -22.17
d3 7.86 4.68 —4.94(2) - 7.26 (anion), +0.18
(anion),(cation), -0.85
d4 8.12 5.24(2) - 6.13 - 6.62 (anion), -0.79
(anion),(cation), -0.31

tion at least the first-neighboring cations of the radical-
anion pairs of interest. Therefore, the calculation must be
done on an (anion),(cation), cluster. As the crystal is neu-
tral, we selected four cations to build a neutral (anion),(cat-
ion), cluster (note that, in this case, the anions have a -2
charge and the cations have +1 charge). The inclusion of
the cations also has an extra advantage as it automatically
takes into account the possible participation of the diamag-
netic cations in the through-space radical-radical magnetic
interaction.

There is more than one form of selecting four cations
for each di radical-radical pair [see Figure 3 (c) for d1-d4].
Therefore, we have to evaluate the effect that such selection
has on the computed J,p values [hereafter J(di)]. We did
this evaluation for all four pairs, but we only report the
results for d1, as the trends are similar in all cases. The test
was done using the three (anion),(cation), clusters shown in

Eur. J. Inorg. Chem. 2005, 4697-4706
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Figure 4. Geometry of the various (anion),(cation), clusters used to evaluate the effect of the selected cations on the computed J(d1)

value.

Figure 4, identified as d(1,1), d(1,2), and d(1,3). The results
collected in Table 2 show a change smaller than 3 cm™ in
the computed J(d1) value. We also tested the effect that the
Madelung field®! generated by the rest of the crystal has on
the computed J(d1) value. For the specific case of the d(1,2)
cluster (see Figure 4), the computed J(d1) value accounting
for the Madelung field is —19.84 cm™!, while without this
field it is —19.73 cm!. Due to the small impact of the in-
clusion of the Madelung field, we did not evaluate its effect
on the other di radical-radical pairs. Finally, we can discuss
the origin of the difference between the J(d1) results ob-
tained using either an (anion),(cation); model [e.g. the
d(1,2) cluster] or an only an (anion), cluster (Jap values
of —19.73 and —43.54 cm™!, respectively). To test if this dif-
ference is due to the lack of electrostatic confinement in-
duced by the cations in the anion wavefunction, we did fur-
ther calculations to mimic such electrostatic effects by using
point atomic charges (fitted to reproduce the electrostatic
potential of the nuclei of the isolated cations) instead of the
atoms themselves. The computed J g value was
—26.60 cm ™!, which differs by 6.87 cm™!, in absolute terms,
from the computed Jop using the d(1,2) (anion),(cation),
cluster. Such small difference can be attributed to two fac-
tors: (a) the use of point charges does not reproduce the
Pauli repulsion (due to the Pauli Exclusion Principle) in-
duced by the electrons of the cations on the electrons of the
anions, and (b) the presence of a cation-mediated through-
space interaction, where the cation orbitals are used to
magnetically connect the anions (a sort of superexchange
through-space mechanism). It is difficult to evaluate the rel-
ative importance of each factor accurately, but in any case
our results indicate that it is safer to use (anion),(cation),

Table 2. Dependence of the computed J(d1) value on the selected
cations included in the (anion),(cation), cluster. The values are for
the d(1,1), d(1,2), and d(1,3) (anion),(cation), clusters shown in
Figure 4.

d(1,) J(d1,)) [em™]  Model
d(1,1) -19.05 (anion),(cation)4
d(1,2) -19.73 (anion),(cation)4
1984 (anion),cation, + Madelung
e (ref.16])
d(1,3) -16.18 (anion),(cation),

Eur. J. Inorg. Chem. 2005, 46974706
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clusters to include both a proper description of the anions’
environment and any possible cation-mediated exchange.

Table 1 shows the all computed J(di) values using appro-
priate (anion),(cation), clusters. All four J(di) magnetic in-
teractions are antiferromagnetic, with J(dl) and J(d2) al-
most identical and much larger than the values of J(d3) and
J(d4). These results show that there is no direct correspon-
dence between the Cu-+Cu and Br-+Br distances and the
size of the J(di) parameter. The value and connectivity of
the J(di) magnetic interactions define the magnetic topology
of the [(5NAP),CuBrs-H,O] crystal (see Figure 5). The
main magnetic motif consists of two-legged spin-ladders
along the crystallographic a-axis, where J.,; = J(d2) =
—22.17 em™" and Jyyne = J(dl) = —19.73 cm™'. Within any
individual two-legged spin-ladder there is a small diagonal
magnetic interaction, J(d3) = —0.85 cm™!, and adjacent two-
legged spin-ladders interact very weakly along the b-axis
through J(d4) = —0.31 cm!. Therefore, the magnetic top-
ology of [(SNAP),CuBr4-H,0] seems to be better described
as consisting of isolated two-legged spin-ladders (a 1D top-
ology), but could also be described as a set of noninter-
acting ab-planes, each formed by weakly interacting, two-
legged spin-ladder motifs (a 2D topology). Below, we will
show the results of numerical simulations that indicate that
the 1D topology gives a proper description of the magnet-
ism for [(SNAP),CuBr4-H,0].

To perform steps (3) and (4) of the bottom-up procedure,
we have to select a minimal magnetic model space. For an
isolated two-legged spin-ladder, based on previous work,!”]
we expect that a four-sites (4s) model [Figure 6 (a)] should
be an appropriate minimal magnetic model space. For
[(5NAP),CuBr,-H,0], we will validate this model by study-
ing the convergence of the macroscopic magnetic suscep-
tibility y(7) values when the minimal 4s model is replicated
along the three crystallographic axes. Thus, the 4s model is
propagated along (i) the a-axis, obtaining the 6s, 8s, ..., up
to 14s models [Figure 6 (a)], and (ii) the h-axis by selecting
the 4s4s and 4s4sd4s models [Figure 6 (b)]. No replication
is required along the c-axis, as there are no J,p magnetic
interactions along this direction, therefore the propagated
model gives exactly the same results as the 4s model. As a
further test, we also propagated the 4s4s model along the
a-axis to generate the 6s6s and 8s8s models. The matrix

4701
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Figure 5. Magnetic topology of the [(SNAP),CuBr, H,O] crystal: (a) magnetically noninteracting ab-layers; (b) magnification of any given
ab-layer, which consists of two-legged spin-ladder motifs with J(d2) = -22.2cm™! as rail and J(dl) = —-19.7cm™! as rung magnetic
interactions. Within any individual two-legged spin-ladder there is a small diagonal magnetic interaction, J(d3) = —0.9 cm™!, and adjacent
two-legged spin-ladders interact very weakly along the bh-axis through J(d4) = 0.3 cm .

representation of the Heisenberg Hamiltonian was built['!]
and diagonalized for all these model spaces. The resulting
energy levels and corresponding spin quantum numbers
were then used to calculate the magnetic susceptibility y(7)
(see Figure 6).
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The simulated y(7) data shown in Figure 6 allow us to
conclude: (i) all the y(7) curves show a shape similar to the
experimental curve; (ii) there is a good convergence on y(7)
as the size of the model increases by propagating the mini-
mal 4s model along both the a-axis [Figure 6 (a)], and the
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Figure 6. Magnetic susceptibility y(7) numerically calculated values extending the minimal 4s magnetic model along the (a) g-axis (intra
spin-ladder 6s—14s models) and (b) b-axis (inter spin-ladder 4sds, 4sdsds, 6s6s and 8s8s models).
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b-axis [Figure 6 (b)]; and (iii) the y(7) values obtained with
the inter-ladder nsns models reproduce the y(7) values ob-
tained using the intra-ladder ns models perfectly [Figure 6
(b)], thus suggesting that there is no need to account for
J(d4) in the minimal magnetic model space. The latter con-
clusion is the final indication that our magnetic topology

0.012
® (45) (sf=0.8)
0.010 A (Bs) (sf=0.75)
& exp, fitting
L]
- 0.008 £
e |
2 0.006 A
w L]
- ]
b
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]
0.002
A
L]
0.000 &
0 20 40 =11] B8O 100

T [K]

Figure 7. Required scaling factor (sf) to quantitatively reproduce
the experimental magnetic susceptibility y(7) data using both a 4s
and an 8s model.

1.6

consists of basically noninteracting spin-ladders, i.e. it is a
1D topology.

Although in all cases the shape of the computed mag-
netic susceptibility curves closely resembles the experimen-
tal curve, the agreement is not perfect. Previous studies!”!
have suggested that such a difference can be attributed to
various factors: (i) the use of high-temperature crystal
structures, (i) errors due to the use of a nonexact DFT
functional and the broken-symmetry approach, and (iii) the
use of a cluster approximation to compute the values of the
J(di) parameters, which neglects possible collective effects.
In the case of [(SNAP),CuBrysH,O0], the crystal structure
used throughout this study was determined at 163 K, which
is a low enough temperature as to expect only small distor-
tions due to temperature factors. We have also found!”! that
it is possible to account for the difference between com-
puted and experimental magnetic susceptibility curves by
applying a constant linear scaling factor to all energy levels.
For [(SNAP),CuBr4H,0], when we apply a factor of 0.8 to
all energy levels of the 4s minimal model we can quantita-
tively reproduce the experimental y(7) curve (Figure 7).
However, an even better agreement is found by applying a
linear scaling factor of 0.75 to the 8s model (Figure 7).

A final test of the quality of the first-principles, bottom-
up procedure in describing the properties of two-legged
spin-ladder systems consists of computing the value of the
singlet—triplet spin-gap (experimental datal®>'?) indicate that

(Es-Eo)/7

0.2

0.0

A (2xL) spin ladder
W (1xL) linear chain

0 0.05 0.1

0.15 0.2

1/L

Figure 8. Values of 4 = (E, — Ey)/J as a function of the length of both a two-legged (2xL, with L = 4-8) and a single-legged (1xL, with
L = 4-16) spin-ladder. In both cases the 4 values vary as 1/L. In the limiting case of an infinite, two-legged spin-ladder the extrapolated
4 value is 0.5211. For an antiferromagnetic single-legged spin-ladder (i.e. a linear chain), the extrapolated result of 4 for the infinite
chain (i.e. 1/L = 0) is 0.1015, which is slightly larger than the expected zero value.
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it should be 11 K) and its changes with the size of the
model space. For a two-legged spin-ladder, previous studies
indicate that there is a finite spin-gap!® whose value de-
creases as the size of the model space increases.!”! Using the
4s magnetic model space with a linear scaling factor of 0.8,
the computed value of the singlet-triplet spin gap (E; — E)
is 24.24 K, about twice the experimental value. However, it
decreases to 17.0 K when using the 8s model with a linear
scaling factor of 0.75. Furthermore, as shown in Figure 8,
the value of the expression 4 = (E; — Ey)/J decreases with
the ladder length (2xL, with L = 4-8) as 1/L, as reported
in the literature.[”! Extrapolating our fitted results to an infi-
nite two-legged spin-ladder we found a 4 value of 0.5211
(see Figure 8), which agrees well with the best estimates
(0.504) of this property.”) As a further test, we also com-
puted the value of 4 = (E; — Ey)/J for an antiferromagnetic
single-legged spin-ladder (that is, a linear chain) for lengths
L = 4-16. For an infinite linear chain, 4 is expected to be
zero.[’! The results, also shown in Figure 8, follow a similar
trend with respect to 1/L to those reported in the litera-
ture:? as L increases, the value of 4 approaches zero. How-
ever, our extrapolated result of A for the infinite chain (i.e.,
1/L = 0) is 0.1015, which is slightly larger than zero. This
small deviation is due to the fact that it may be necessary
to look at a chain as long as 100 spins to actually see the
gap vanish,?! and this is obviously out of the reach of our
current code. However, we have successfully described the
main trends known for the spin-gap of the two main classes
of spin-ladders. Consequently, we can conclude that our
first-principles, bottom-up procedure properly describes the
experimentally known properties of spin-ladder magnets.

Conclusions

Using the X-ray crystal structure determined at 163 K,
we have computed the magnetic interactions in the [(SNAP),-
CuBr4 H,O] crystal. There are two dominant antiferromag-
netic interactions, whose magnetic topology is found to
consist of noninteracting, two-legged spin-ladders, with
similar values for the rail J(d2) (-22.2 cm™") and rung J(d1)
(-19.7 cm™!) magnetic interactions. It is essential to stress
that our contribution has been to explicitly get the origin
of Jiung and Jy,; by identifying the (anion),(cation), clusters
that are responsible for such microscopic magnetic interac-
tions. The magnetic topology is in agreement with the ex-
perimentally proposed magnetic pathways, which were
based only on the crystal packing of the CuBr,> radical-
anions within the [(SNAP),CuBrsH,O] crystal. However,
we believe that the exchange interaction between Cu?* ions
does not only result from Br--Br direct contacts, but also
from SNAP*--CuBr,>" contacts, since the organic ligands
play the role of spin couplers.

The simulated y(7) data reproduce the shape of the ex-
perimental y(7) curve, although a linear scaling factor of
about 0.75 is required to quantitatively reproduce the exper-
imental values. Such a factor compensates for the use of a
high-temperature (163 K) X-ray crystal structure and errors
4704
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associated with the quantum chemical methods employed
to compute the J(di) parameters.

We have computed the singlet-triplet spin-gap (E; — E)
for [(SNAP),CuBr4H,0] two-legged spin-ladder and found
it to be in the range of the experimental results (11 K).
Furthermore, the values of 4 = (E; — Ey)/J show the same
dependence on 1/L (L being the length of the spin-ladder)
as reported in the literature: for a two-legged spin-ladder 4
decreases towards 0.5211 as 1/L tends to zero, while for a
single-legged spin-ladder 4 approaches a value near zero
(we believe that the small differences with the tabulated re-
sultst?! are due to the fact that it may be necessary to look
at a chain as long as 100 spins to actually see the gap van-
ish, which is out of the reach of our current code).

Computational Data

The basic idea behind our first principles, bottom-up procedurel¥
is to find a finite model space that properly describes the properties
of the magnetic topology of the crystal. Within this space we then
compute the matrix representation of the Heisenberg Hamiltonian

(M

N
H =~ Jap(28a'Sg + Volnp) (1)
A,B

where S, is the spin operator associated with radical A, and [
the identity operator. Note that the only variables in this Hamilto-
nian are the microscopic J,p parameters, which define the nature
and size of the radical-radical magnetic interactions present in our
model space. These microscopic Jop parameters depend on the rel-
ative orientation of the radicals A and B, and can be computed
using the appropriate quantum chemical methods. Once the matrix
representation of the Heisenberg Hamiltonian is known, we can
compute the energy spectrum of all spin states, and then apply
the corresponding statistical mechanics expressions to compute the
macroscopic magnetic properties of interest [¢(7), C,(7), ...]. Note
that the individual energy values obtained by diagonalizing expres-
sion (1) are equivalent to those obtained using the more familiar
H = -23J,5Ss*Sy Heisenberg Hamiltonian, except for a shift in
all energy values. Therefore, the corresponding energy differences
will be the same. As the statistical mechanics expressions used to
compute y(7) and C,(T) use energy differences, both Hamiltonians
give the same macroscopic results.

The entire procedure depends only on the microscopic radical-radi-
cal magnetic interactions (Jop). The values of the Jop parameters
are also used to define the magnetic topology in terms of the con-
nectivity that the J,p parameters establish between the radicals that
form the crystal. The magnetic topology provides a very useful pic-
torial representation of the magnetism within the crystal.

The minimal magnetic model space must be small enough to keep
the Heisenberg Hamiltonian matrix at a reasonable size (in our
current implementation N =< 16 spin radical sites), but it must also
be large enough to contain all significant magnetic pathways de-
tected within the crystal. From our experience, the most important
step in the above procedure is the selection of a proper minimal
magnetic model space. In order to legitimate the selected minimal
magnetic model space, we check the convergence of macroscopic
properties [e.g. y(T)] as the model space is replicated along the three
crystallographic directions by applying a regionally reduced density
matrix approach: if the minimal magnetic model space is properly
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chosen, the computed y(7) values using such extended models
should rapidly converge to the values obtained with the non-repli-
cated minimal model space. All sets of results should also numeri-
cally reproduce the experimental y(7) data.

As indicated above, the values of the microscopic Jp pair interac-
tions are computed using quantum chemical methods. In the
[(3NAP),CuBr4-H,O] crystal, the CuBr,> anions are the only spin-
carrier units; the SNAP™ cations are closed-shell molecules with no
spin whose primary function in the crystal is to act as spacers of the
CuBr,?> spin-carrier units. The ground electronic state of CuBr,>
anions is a doublet, with the spin partially distributed over the
bromine and Cu'! atoms (Figure 1, b). As the radicals are doublets,
the value of JAp is obtained by subtracting the energy of the most
stable open-shell singlet (ERg) and triplet (E7) states, both com-
puted at the geometry of the radical-radical pair found in the crys-
tal, according to Equation (2).

Jap = Egs — ET 2

The broken-symmetry approximation!''# is used to compute the
energy of the open-shell singlet state. The Egs and E7 energy values
have been computed using the UB3LYP functional' (a 10-® con-
vergence criterion on the total energy and 10'° on the integrals
was used to ensure enough accuracy in the computation of the Jap
parameters). All DFT calculations performed in this study were
carried out using the Gaussian-03 package.['®) We used in our cal-
culations an Ahlrichs all-electron basis set!!”! for Cu, and a 6-31+G
basis set!'®! for C, H, N, and O. For Br, we used the 6-31+G(d)
basis set.[1]

Supporting Information: Table S1 shows the charges computed ac-
cording to a Merz-Singht-Kollman scheme and employed to ac-
count for the Madelung field created by the nearest-neighboring
CuBr,”> anions and 5SNAP™ cations to the d(1,2) (anion),(cation),
cluster. Figure S1 shows the final geometry of d1-d4 of the (anion),-
(cation), clusters used to compute J(di).
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