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ABSTRACT: [Ni(HF,)(3-Clpy),]BF, (py = pyridine) is a simple one-dimensional (1D) coordination polymer composed of
compressed NiN,F, octahedra that form chains with bridging HF, ™ ligands. In spite of significant distortion of the HF,™ bridge, a
quasi-1D antiferromagnetic (AFM) behavior was observed with Jpyr = 4.86 K.

B INTRODUCTION thus rendering it problematic to assess the efficiency of Cu-
For several decades, the chemical bond character of the FHF-Cu interactions. Because of this, we sought to explore
bifluoride molecule (HF,” or FHF~) has been debated." other transition metals that contain multiple magnetic orbitals.

However, most theoretical studies consider HF,™ to possess the The octahedral Ni(II) ion (S = 1) was particularly appealing
as both the d,>_? and d orbitals contain an unpaired electron.

strongest known hydrogen bonds with values ranging between "=y i
169 to 241 kJ/mol. From gas-phase ion-cyclotron resonance Indeed, this Was found t.o be the case in the 3D
experiments, a bond enthalpy of 163 kJ/mol was found.? antiferromagnetic (AFM) [Ni(HF,)(pyz),]ZFs (Z = P, Sb)
Our research interests lie in the combined use of coordinate metal—.organic frameworks. For the P.Fé system, two poly-
covalent and strong hydrogen bonds (F---H---F and F--H—0) morph{c forms ((x‘ and f) have been identified; the a—ph:ase
50 as to fabricate novel magnetic solids.>~” To this end, we have con.talmng _bent Nl—F—Hslgonds whereas the f-phase con’swts
synthesized and characterized several coordination polymers, of linear Ni—F—H bonds.” Despite the relatively high Ty’s of
including Cu(HE,),(pyz)* and the family [Cu(HF,)(pyz),]X 6.2 K (a-PFy), 7.0 K (f-PF¢), and 12.2 K (SbF,), predominant
(pyz = pyrazine; X = BE,~, PF,~, SbF¢, and TaF;"),* the latter one-dimensional (1D) magnetism occurs with the Ni-FHF-Ni
of which possess three-dimensional (3D) frameworks com- spin exchange being much stronger (Jpus = 6.1, 7.7, and 113 K
posed of two-dimensional (2D) [Cu(pyz),]*" square lattices for a-PFs [-PFs and SbEg respectively) than Ni-pyz-Ni

that are bridged by HF,™ ligands. (calculated J,,, ~ 2 K).>® In addition, the Ni(II) ion
In the [Cu(HF,)(pyz),]X system, the HF,” ligand

coordinates to the Cu(Il) ion along the elongated axial Received: January 16, 2012

direction (which coincides with the spin-paired d, orbital), Published: June 29, 2012
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experienced single-ion anisotropy leading to zero-field splitting
(ZFS), with D < 0 (a-PF) and D > 0 ($-PF4 and SbFy).

To better examine the spin exchange along Ni-FHF-Ni
pathways, we sought to reduce the Ilattice and spin
dimensionality of [Ni(HF,)(pyz),]X by chemical substitution
of the bridging pyz ligands for monodentate 3-chloropyridine
(3-Clpy). The sterically hindered 3-Clpy ligand was selected
with the aim to provide large interchain spacings. We
synthesized [Ni(HF,)(3-Clpy),]BF, from a reaction mixture
that contained Ni(BF,),, NH,HF,, and 3-Clpy.

Indeed, X-ray structural studies on [Ni(HF,)(3-Clpy),]BF,
reveal the desired 1D chain motif. We recognize that 1D
quantum AFM chains containing S = 1 spins are known to
exhibit a Haldane gap in their excitation spectrum and a
magnetically disordered ground state,”” in contrast to half-
integer spin chains which show gapless excitations. However,
the gapped state in S = 1 chains will not be achieved if there
exists single-ion anisotropy and/or interchain interactions of
sufficient strength, as evidenced by mean-field'® and quantum
Monte Carlo calculations.'" The absence of a gap in our
magnetization data {compare, for example [Ni-
(C,HgN,),(NO,)]ClIO, (NENP)}'? and the D/Jpyp ratio
found in [Ni(HF,)(3-Clpy),]BF, (see below) leads us to
conclude that this system does not exhibit a Haldane state, but
the weakness of interchain couplings prevent condensation of a
magnetically ordered phase in the temperature range studied.

B EXPERIMENTAL SECTION

Synthesis. Ni(BF,),-6H,0 (0.4001 g, 1.18 mmol) and NH,HF,
(0.0673 g, 1.18 mmol) were dissolved together in a minimal amount of
distilled water. To this was added 5 mL of neat 3-chloropyridine to
afford a medium blue solution. The solution was covered with a
perforated sheet of Parafilm and allowed to slowly evaporate at room
temperature. Upon standing for ~2 weeks, X-ray quality blue crystals
were recovered from the reaction mixture in high yield (>75%). The
crystals were somewhat sensitive to solvent loss, but their integrity
could be maintained by storage in a small amount of the mother
liquor. Selected IR data (neat, cm™): 3543 (w), 3319 (w, br), 3074
(w), 2739 (w, br), 1592 (m), 1569 (m), 1464 (s), 1415 (s), 1198 (w),
1118 (s), 1060 (vs), 1031 (vs), 1014 (vs), 815 (vs), 804 (vs), 697 (vs),
637 (vs).

Optical Spectroscopy. Mid-IR spectra were recorded on a
Thermo Avatar 360 FT-IR equipped with a Nicolet Smart
DuraSamplIR ATR accessory. The sample consisted of a neat powder
pressed against a single-bounce diamond crystal. UV—vis—NIR spectra
were collected on a Harrick Praying Mantis diffuse-reflectance
apparatus mounted in a Varian Cary 5000 UV—vis spectrometer.
Baseline corrected reflectance was measured for the sample. The
baseline involved 0 and 100% absorbance values for a reference using
an empty sample holder and KBr powder, respectively. Spectra were
obtained in reflectance mode and converted to absorbance using a
standard algorithm.

X-ray Crystallography. A suitable crystal was mounted in a nylon
cryoloop. Data were collected using a Bruker D8 diffractometer
furnished with an APEX II CCD detector and Bruker Kryoflex low-
temperature device. The instrument was equipped with a graphite
monochromated MoKa X-ray source (4 = 0.71073 A) and a 0.5 mm
monocapillary. A hemisphere of data was collected using w-scans, with
10-s frame exposures and 0.5° frame widths. Data collection, initial
indexing, and cell refinement were handled using APEX II software.”
Frame integration, including Lorentz-polarization corrections, and
final cell parameter calculations were carried out using the SAINT+
software.'* The data were corrected for absorption using redundant
reflections and the program SADABS." Decay of reflection intensity
was not observed as monitored via analysis of redundant frames. The
structure was solved using direct methods and difference Fourier
techniques. The bifluoride proton was located on the difference map
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and refined with a fixed isotropic temperature factor. The remaining
hydrogen atoms were placed in idealized positions and allowed to ride
on the atom to which they were attached. Final refinement included
anisotropic thermal factors for all non-hydrogen atoms. Structure
solution, refinement, graphics, and creation of publication materials
were performed using the SHELXTL suite.'® Details of the
crystallographic refinement and a list of selected bond lengths and
angles are given in Tables 1 and 2, respectively.

Table 1. X-ray Crystallographic Data for [Ni(HF,)(3-
Clpy),]BF,

T (K) 140(1)

empirical formula C,oH,,BCLFN,Ni
formula weight (g/mol) 638.68

space group P2,/c

a (A) 16.411(6)

b (A) 12.449(5)

¢ (A) 12.291(5)

B (deg) 100.003(4)

V (A% 2473.0(16)

V4 4

D, (g/em®) 1.715

A (A) 0.71073

u (mm™) 1.280

crystal size (mm?) 0.22 X 0.20 X 0.12
F(000) 1280

Tooo Toin 0.8615, 0.7659
Ornins O (deg) 2.06, 28.23

no. total refls. 27011

no. unique refls., Ry, 5822, 0.0425

no. obsd refls. [I > 26(I)] 4628

R, wR, [I > 20(I)]°
R, wR, (all data)”
GOF 1.322
Ap (e/A%)° 1.166, —0.831

“R = YIF,| — IEI/YIF. "wR = [YwlIF, — IFJ]%/ Y w[IFI?]"2

“Max. and min residual electron density.

0.0393, 0.0957
0.0553, 0.1011

Table 2. Selected Bond Lengths (A) and Bond Angles (deg)
for [Ni(HF,)(3-Clpy),]BF,

Ni—F1 1.967(2) N1-C1 1.344(3)
Ni—F2 2.096(2) N1-CS$ 1.344(3)
Ni—N1 2.127(2) C1-C2 1.373(3)
Ni—N2 2.134(2) c2—-Cll 1.726(3)
Ni—N3 2.110(2) C2-C3 1.384(4)
Ni—N4 2.123(3) C3-C4 1.373(4)
H1-F1 1.42 C4-CS 1.391(3)
H1-F2 1.19 B1-F3 1.402(3)
F1-HI-F2 151 B1-F6 1.388(3)
F1-Ni—F2 178.00(6) NI1-Ni—N2 87.24(7)
F1-Ni—N1 88.87(7) NI1-Ni—N3 178.48(7)
F1-Ni—N3 90.07(7) N1-Ni—N4 93.51(7)
F1-Ni—N4 91.21(7) N2—-Ni—N4 178.43(7)
F2—Ni—N4 90.69(7) N3—-Ni—N4 85.42(7)

Magnetization Studies. The temperature-dependence of the
magnetization was measured using a Quantum Design MPMS 7 T
SQUID magnetometer equipped with a standard sample transport. A
polycrystalline sample was coated in high vacuum grease, loaded into a
gelatin capsule, mounted in a plastic drinking straw, and affixed to the
end of a stainless steel/brass rod. The sample rod was loaded into the
instrument at 300 K, the magnetic field charged to 0.1 T, and data
collected upon cooling down to a base temperature of 2 K. All
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magnetic data were corrected for core diamagnetism using values
typical of the constituent atoms and TIP of the Ni(II) ion.

The pulsed-field magnetization experiments (up to 60 T) used a 1.5
mm bore, 1.5 mm long, 1500-turn compensated-coil susceptometer,
constructed from 50 gauge high-purity copper wire."” When a sample
is within the coil, the signal voltage V is proportional to (dM/dt),
where t is the time. Numerical integration of V is used to evaluate M.
The sample is mounted within a 1.3 mm diameter ampule that can be
moved in and out of the coil. Accurate values of M were obtained by
subtracting empty coil data from that measured under identical
conditions with the sample present. The susceptometer was placed
inside a *He cryostat providing temperatures down to 0.5 K. The field
H was measured by integrating the voltage induced in a ten-turn coil
calibrated by observing the de Haas—van Alphen oscillations of the
belly orbits of the copper coils of the susceptometer.

Heat Capacity. Data were obtained on polycrystalline samples of
[Ni(HF,)(3-Clpy),]BE, using two apparati for different temperature
regions. Between 2.5 and 100 K, the C, was measured using a
Quantum Design 14 T Physical Property Measurement System
(PPMS). We mounted the sample (2.18 mg) on the platform using a
small amount of Apiezon-N grease. During the mounting procedure,
the Apiezon-N grease was melted by illumination with a filament lamp
to ensure complete sample coverage so as to prevent solvent loss
under high vacuum condition. Below 10 K, a homemade relaxation
type calorimeter was applied to measure C,. The small amount of
polycrystalline sample (2.88 mg) was mixed with Apiezon-N grease
and hand-pressed between single crystalline Si plates to obtain good
temperature homogeneity. The calorimeter was mounted in an Oxford
1S T superconducting magnet system capable of reaching a base
temperature of 0.4 K. Heat capacity data were obtained by traditional
relaxation'® and dual-slope methods.”” For the latter method, the
sample temperature was changed through a broad temperature range,
and the CP(T) in this interval was evaluated from both of heating and
cooling curves. The advantage of this technique made it possible to
quickly measure C, as a function of both temperature and magnetic
field. The addenda C, due to Apiezon-N, Si plates, and sample holder
platform was measured separately. After subtracting the addenda
contribution from the total specific heat, the sample C, was obtained.
Excellent agreement (within ~5%) between the two techniques was
achieved.

Muon-Spin Relaxation (u*SR). Zero-field (ZF) ;"SR studies were
made on a polycrystalline sample of [Ni(HF,)(3-Clpy),]BF, using the
Low Temperature Facility (LTF) instrument at the Swiss Muon
Source. For the measurement, the sample was mounted on a silver
plate which was attached to the coldfinger of a dilution refrigerator.

In a 4*SR experiment,* spin-polarized positive muons are stopped
in a target sample, where the muon usually occupies an interstitial
position in the crystal. The observed property in the experiment is the
time evolution of the muon spin polarization, the behavior of which
depends on the local magnetic field at the muon site. Each muon
decays, with an average lifetime of 2.2 s, into two neutrinos and a
positron, the latter particle being preferentially emitted along the
instantaneous direction of the muon spin. Recording the time
dependence of the positron emission directions therefore allows the
determination of the spin-polarization of the ensemble of muons. In
our experiments, positrons are detected by detectors placed forward
(F) and backward (B) of the initial muon polarization direction.
Histograms Ng(t) and Nj(t) record the number of positrons detected
in both detectors as a function of time following the muon
implantation. The quantity of interest is the decay positron asymmetry
function, defined as A(t) = [Np(t) — @u;Np(£)]/[Ng(t) + e ,N5(8)],
where a,,, is an experimental calibration constant. A(%) is proportional
to the spin polarization of the muon ensemble.

Density-Functional Theory. For evaluation of the exchange
couplings, the broken-symmetry (BS) approach of Noodleman®' as
implemented in the ORCA ver. 2.8 suite of programs®>>® was
employed. The formalism of Yamaguchi, which employs calculated
expectation values (S*) for both high-spin and broken-symmetry states
was used.”* The PBEO functional was used in conjunction with the
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Ahlrichs-VTZ basis function set.>® Spin densities were visualized using
the UCSF Chimera program ver. 1.5.3.

Ligand-Field (LF) Modeling. Calculations were performed using
the program package LIGFIELD.”® All calculations employed the
complete 3d® electron configuration of the Ni(Il) ion. Parameter fits
were made by iterative rediagonalizations of the full matrices. The y*
minimizations were done by use of a Leuwenberg—Marquardt
algorithm using equal weights for all observations. The quoted
uncertainties on parameters are scaled values ensuring that the model
will pass statistics. They are in most cases upper bounds on the actual
uncertainties which would be obtained by a rigorous treatment
including errors based on the observations.

B RESULTS AND DISCUSSION

Crystal Structure. An ORTEP diagram along with atom
labeling scheme is given in Figure la. It was found that the
Ni(II) ion is surrounded by six ligands in a compressed NiN,F,
octahedral geometry. The four equatorial sites are occupied by
N-donor atoms from 3-Clpy ligands at slightly different
distances [Ni—N,,, = 2.124(2) A] whereas the axial positions
are taken by F-donors [Ni—F1 1.967(2) and Ni—-F2 =
2.096(2) A] as provided by the HF,” ligands. The relative
distortion of the NiN,F, octahedron, barring angular
contributions, is 6.6% and exceeds that of [Ni(HF,)(pyz),]-
SbF4 which is only 1.1%.> Chloro-substituents of trans-ligated
3-Clpy ligands lie on opposing sides of the NiN, plane because
of a pseudo inversion center on the Ni(II) site.

The bifluoride H-atom was located on the electron density
difference map and lies off of the F---F midpoint, creating an
F1---H1---F2 bond angle of 151°. Strongly asymmetric H---F
bonds were also found with the H1---F1 and H1---F2 distances
being 1.42 and 1.19 A, respectively. The distortion of the HF,~
bridge is also manifested in its nonlinear coordination to the
Ni(II) center, giving respective Ni—F1---HI and Ni—F2--H1
bond angles of 153 and 131°. As compared to [M(HF,)(pyz),]
X (M = Cu, Ni) and Cu(HF,),(pyz),” ® the HF,” molecular
geometry is more unusual in [Ni(HF,)(3-Clpy),]BF, and
reflects the flexibility and strength of such bonds.

[Ni(HF,)(3-Clpy),)BF, forms infinite 1D zigzag chains that
propagate along the c-axis because of the bridging of adjacent
NiN,F, octahedra by HF,” ligands (Figure 1b). The chains
feature uniform Ni-Ni separations of 6.237(5) A, and as
shown in Figure 1b, adjacent NiN,F, octahedra are alternately
tilted along the chain such that every other octahedron has the
same configuration. Figure lc shows that large interchain
Ni:-Ni separations of no less than 10.28 A are ensured by the
bulky 3-Clpy ligands and interstitial BF,” ions that pack in
between them. Close Cl---Cl contacts of 3.687, 3.689, and 3.742
A lie just beyond the sum of their van der Waals radii (Y ryq, =
3.50 A). As a result of these extremely weak interchain
interactions, we predict the magnetism of [Ni(HF,)(3-
Clpy),]BF, to be quasi-1D.

Electronic Spectroscopy and Ligand-Field (LF) Anal-
ysis. Solid state UV—vis absorption data (Figure 2) were
recorded at 298 K and analyzed using the AOM.>” The
spectrum was approximated as a sum of a constant baseline and
six independent Gaussian bands which gave good reproduction
of the data.

The resulting transition energies (cm™) and associated
assignments in octahedral (O) and tetragonal (D,) symmetry
are: 8750 [*T,(O)E(D,)], 10530 [*T,(0)B,(D,)], 13270
['E(O)A,, B,(D,)], 16100 (°T,(O)E, A,(D,)], 22100
('T,(0)E, B,(D,)], and 26580 (b°T,(O)E, A,(D,)]. The
assignments were made by combination of the AOM and
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(c)

Figure 1. (a) ORTEP drawing and atom labeling scheme for
[Ni(HF,)(3-Clpy),)BF,. Thermal ellipsoids are drawn at the 35%
probability level. (b) Segment of a 1D chain. (c) Chain packing viewed
parallel to the c-axis.

literature assignments for related Ni(II) complexes such as
[Ni(HF,)(pyz),)X.>® Reasonable ligand-field (LF) parameters
also allow the alternative assignment of the highest observed
spin-forbidden transition (22100 cm™) to 'A;(O). However, in
tetragonal symmetry, the transition to 'A,(D,) is symmetry-
forbidden, while transitions to both tetragonal components
'T,(0)B,(D,) and 'T,(O)E(D,) are symmetry allowed, making
this assignment the most plausible.

To avoid overparametrization of the AOM, the interelec-
tronic repulsion was described using a single parameter with the
ratio of Racah parameters fixed at C/B = 4.25.*® Additionally,
both bifluoride and 3-chloropyridine were assumed to be
linearly ligating. For the latter ligands, this approximation is
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Figure 2. Gaussian deconvolution of the UV—vis absorption spectrum
for [Ni(HF,)(3-Clpy),]BF,. Black: experimental data, green: individ-
ual Gaussians, red: sum of Gaussians.

justified by the twisting of the pyridine ring planes with respect
to the direction of the main axial (tetragonal) component of the
ligand field. With 45° twist angles, the approximation would be
strictly correct.””

The six observed bands were accordingly parametrized using
the following parameters; e FHE ¢ FHE eJCIPY, e,,CIP", and B. This
was performed for both an idealized tetragonal symmetry with
orthoaxial ligators and for the experimentally determined

coordination geometry. Results are summarized in Table 3. It

Table 3. AOM and Repulsion Parameter Values (cm™)
Determined from Fitting of the 298 K Absorbance Spectrum

parameter idealized D, symmetry experimental geometry
e, HE 4312 3497

e FHF 1343 660

e, 7Y 3232 3613

e,SP —220 0 (fixed)

B 848 836

rms dev.” 118 145

max. dev.” 201 592

“Root mean-square deviation in band positions. YMaximal absolute
deviation in band position.

should be noted that the four LF parameters are quite heavily
correlated for this set of observations, and assignment of
individual confidence levels is meaningless. For the exper-
imental geometry, this correlation necessitated fixation of one
of the LF parameters. Since e,“? was determined to be of the
same magnitude as the errors in the determined band positions,
it was omitted.

Reproducibility of the band positions is fair, with absolute
deviations below 200/600 cm™ for the idealized/experimental
geometries. Given the resolution of the data and since the
deviations are less than or comparable to the spin—orbit
coupling for Ni(II) ion, no better agreement can be expected.
The values determined compare sensibly with literature data for
related systems. In particular, it should be noted that the quite
high values of e, and e¢,""" as compared to the
corresponding values for [Ni(HF,)(pyz),]ZFs (Z = P, Sb)
are anticipated because of the significantly shorter Ni—F bond
lengths in the present system (1.967 A vs 2.024/2.099 A).> For
an 7 variation of the LF parameters, this translates into a 15—
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38% increase in these. Both the o- and 7-parameter values for 3-
chloropyridine are smaller than those previously reported for
pyridine (e’ = 4243 cm™, ¢’ = 438 cm™') in trans-
NiCl,(py),.”® This is not unexpected because of the inductive
effect of the Cl-substituent, but also the much higher donor
strength of the bifluoride ligands as compared to CI~ may
invalidate the assumption of parameter transferability and
contribute to the observed difference.

T-Dependent Magnetic Properties. Magnetic suscepti-
bility data were obtained for a polycrystalline sample of
[Ni(HF,)(3-Clpy),]BF, (Figure 3a) using a SQUID magneto-
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Figure 3. (a) y vs T (O) obtained at 0.1 T. Black, blue, and purple
lines denote the theoretical fit and the deconvoluted AFM and PM
components, respectively, as described in the text. (b) Pulsed-field
magnetization data for [Ni(HF,)(3-Clpy),]BF, acquired at several
temperatures. (c) Low-T/-B region of M(B) comparing 0.5 and 1.6 K
data. The curvature in the 0.5 K data may originate from various
sources as described in the text.

meter. Upon cooling from 300 K, y(T) decreases smoothly
reaching a broad hump near 6 K and then continues to rise
slowly as the temperature is lowered to 2 K. y(T)T (not
shown) remains approximately constant until ~50 K, after
which it decreases much more rapidly down to the base
temperature. This behavior is likely due to concomitant
antiferromagnetic (AFM) coupling between S = 1 Ni(II) sites
as well as ZFS of the *B, ¢ ground state. We also mention that
no features suggestive of a transition to long-range magnetic
order (LRO) were evidenced by these data.

A preliminary assessment of the magnetic behavior of
[Ni(HF,)(3-Clpy),]BF, came from a Curie—Weiss fit of the
reciprocal magnetic susceptibility, 1/y(T) = 8(T — 6)/
Ng*uy’S(S + 1), where S = 1. Fitting these data over the
range 20 < T < 300 K led to g = 2.10(1) and 8 = —=7.5(1) K, the

7524

latter of which indicates possible AFM coupling between Ni(1I)
ions along the chain.

The nearly isolated magnetic chains in [Ni(HF,)(3-Clpy),]-
BF, render it possible to fit the y(T) data to a S = 1 Heisenberg
model. For the AFM spin Hamiltonian, H-= Jeur 2.S;S:s1, that
considers only the exchange interaction along the Ni-FHF-Ni
pathwa?r, we initially fitted y(T) to the model developed by
Weng®' (for T > 8 K) to obtain the parameters, g = 2.08(1) and
Jeur = 4.60(3) K. Assuming that the low-T rise in y(T)
originates from noninteracting paramagnetic (PM) S = 1 spins
(~7.1%), the fit can be extended over the entire T-range to give
better quantitative agreement with final parameters; g = 2.10(1)
and Jpyr = 4.86(3) K (black line in Figure 3a). Alternatively, the
low-T tail in y(T) may be intrinsic and possibly due to end-
chain effects as shown to exist in [Ni(C;H,(N,),(N;)]CIO,
(NINAZ).** In either case, y(T) will be similarly affected.

Inclusion of a mean-field correction term (zJ')** to account
for residual interchain couplings did not alter the quality of the
fit, thus suggesting good isolation of the 1D chains as expected.
Despite the presence of single-ion anisotropy in this material
(see below), such a model may still be expected to capture the
effective low-energy behavior of the system. For cases where
the anisotropy and exchange are comparable the exchange
broadening of the anisotropy split levels should result in
exchange-dominated behavior.

The broad maximum in y(T), as determined from the blue
curve labeled “AFM component” in Figure 3a, occurs at 6.5 K.
This value of T, can be used in the mean-field expression,
Jenel = 2k Th0/2.70,>* to yield 4.81 K, which is in excellent
agreement with the Jpyp obtained from the aforementioned fit
of y(T). This finding fully supports our quasi-1D description of
the magnetism exhibited by [Ni(HF,)(3-Clpy),]BF,.

Pulsed-Field Magnetization. Field-dependent magnet-
ization (M) data (Figure 3b) were recorded using an extraction
magnetometer and pulsed-magnetic fields of up to 60 T."” A
sample could be cooled to temperatures as low as 0.50 K.'” The
T = 0.5 and 1.6 K curves essentially overlap and rise linearly
from ~3 to 10 T. From Figure 3c however, an additional
feature in the 0.5 K data may arise from paramagnetic
impurities or end-chain effects. Thereafter the gradient of the
M(B) curve decreases until M saturates (becomes roughly
constant) at around 20 T. The transition from linearly
increasing to saturated behavior is broadened, as is often
found for polycrystalline samples including [Ni(HF,)(pyz),]
X.>% To locate the saturation field (B.), linear extrapolations of
the low and high-field data were made with their crossing point
at 13.7(2) T being defined as B."” According to the above
Hamiltonian, B, and Jgyy are related by guB, = 4Jpyy, where pig
is the Bohr magneton. Taking g = 2.10 (see above), a saturation
field of B, = 13.7(2) T suggests that Jpyr = 4.83(7) K, in good
agreement with the values deduced from the susceptibility and
mean-field prediction. The observed saturated moment of ~2
Uy is expected for S = 1 with a g-factor close to 2.0.

Density-Functional Theory. To explore the strength of
the exchange coupling across the bent bifluoride bridge, the
1D-chain was modeled by the dinuclear fragment transtrans-
[(HE,)Ni(3-Clpy), (- EHF)Ni(3-Clpy),(HE,)]", employing
the experimental geometry determined from X-ray crystallog-
raphy. The HDvV exchange coupling parameter Jpyp was
calculated by the broken symmetry method and found to be
8.34 K (5.80 cm™). The exchange is calculated to be smaller
than for systems with linear Ni-FHF-Ni bridging, trans trans-
[ (HF,)Ni(pyz),(u-FHF)Ni(pyz),(HF,)]", using the same
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basis set and functional by a factor of about 1.7. It should be
noted that the linear system actually features the longer Ni—Ni
distance (6.343 A vs 6.154 A), but the shorter sum of bond
lengths along the Ni-FHF-Ni bridge (6.343 A vs 6.601 A)S
A key revelation is that spin density does in fact reside on the
proton of the HF,™ bridge (Figure 4). Also of significance is

Figure 4. Calculated spin density for the singlet broken-symmetry
state of transtrans-[(FHF)Ni(3-Clpy),(u-FHF)Ni(3-Clpy),(FHF)]".
Isosurface value is 0.0009. The “indented-octahedral” shape around
the nickel centers closely resembles the one expected for a pure (d,_
yl)l(d:,})1 electron configuration.

that H1 has the same spin polarization as the fluoride to which
it is more closely associated (F2). If H1 had the opposite
polarization, then we would have anticipated a FM spin
polarization scheme such as Ni(1)-F(})-H(1)-F(])-Ni(1),
thus leading to FM coupling between Ni(Il) ions which is
inconsistent with the observed magnetic data. Instead, positive
and negative spin density alternate along the Ni-FHF-Ni chains
(ie, is AFM) but relative to neighboring chains, the spin
densities have the same sign (i.e, is FM). Since evidence for
FM correlations in the y(T) and y(T)T data is absent, the
interchain interaction must be very weak.

Zero-Field Splitting of the Ni(ll) lon. For a six-coordinate
Ni(II) ion, a range of single-electron spin—orbit coupling
constants (375 < ¢ < 640 cm™') can be used to compute the
axial ZFS parameter (D) (Figure S5) based on the

e v T Al T M T M T v T
A
A Orthoaxial model ‘AA‘
54 v Experimental geometry e
A
A‘A‘A
AA

4 ast - vV‘7vv
< ‘A‘AA vvvvvv
: At oI
\(E.J/ 34 AA‘AAA TV, 7vvvv
Q AA“‘A vVvvvv

a2
24 A‘A“AAA oo
st

14
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350 400 450 500 550 600 650

-1
Gy (em™)

Figure 5. Axial zero-field splitting (D) calculated as a function of the
one-electron spin—orbit coupling constant ({), using the AOM
parameters. The dashed vertical line corresponds to a {-value reduced
from the free-ion value by the same factor as the Racah B parameter.
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aforementioned AOM analysis of the 300 K UV—vis absorption
data.*” This approach can yield an estimate of D since optical
spectroscopy probes single-center transitions and is unaffected
by the presence of exchange interactions which couple spins on
different sites. The vertical line in Figure 5 denotes the {-value
that is reduced from the free-ion value (668 cm™) by the same
factor as the Racah B parameter, corresponding to D =~ 3.0
em™ (~ 43 K) and { = 540 cm™" for the experimental
geometry. As the radial dependences of the repulsion and
spin—orbit parameters are not identical, they do not scale
perfectly and so our value of { could be slightly overestimated.
We estimate that the errors on { and D are about 20%. A
positive D-value is suggestive of easy-plane (XY) anisotropy
which is analogous to tetragonal [Ni(HF,)(pyz),]ZFs (Z = P,
Sb).>® Both AOM and DFT agree that the d;2_» magnetic
orbital is higher in energy than the d orbital.

Search for LRO by p*SR and Heat Capacity. A
representative zero-field "SR spectrum measured at 0.5 K is
shown in Figure 6. Across the entire measured temperature

24 T T T

A(f) (%)

t(ps)

Figure 6. Zero-field y*SR data measured at 0.5 K. Exponential
relaxation is observed across the entire measured temperature range,
indicative of dynamic fluctuations of the local magnetic field
distribution.

regime (0.025 < T < 42 K) the spectra relax monotonically.
We do not observe any oscillations or shift in the baseline that
might be expected for a transition to LRO. Instead, the spectra
are well described by a relaxation function of the form, A(t) =
Ae™My Ay Ay where Ay, is the background contribution
from those muons that stop in the sample holder or cryostat tail
and the ratio A;/A, was found to be approximately 0.5. The
component with amplitude A, has a large relaxation rate A ~
12 MHz. Such a component, which does not vary much with
temperature, is often observed in the "SR spectra of materials
of this type. The smaller relaxation rate A = 0.9 MHz was also
found to be independent of temperature across the entire
measured T-range.

We find no 4#*SR evidence for LRO in this material down to
0.025 K. The observed exponential relaxation is often indicative
of dynamic fluctuations of the local magnetic field at the muon
site® in the fast fluctuation regime. We note that a similar
behavior was found in Cu(HF,),(pyz).’

Figure 7a displays the zero-field heat capacity (C,) of
[Ni(HF,)(3-Clpy),|BF, where the absence of a A-anomaly over
the measured T-range preclude LRO in this material which is
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Figure 7. (a) Total heat capacity (red filled circles) measured at 0 T
along with the estimated lattice contribution Cy (cyan lines). (b)
CPT2 vs T (magenta triangles) and fit (black lines) to CpT2 =a+bT°+
¢T”. (c) Magnetic heat capacity C,y,, (red open circles). Colored lines
represent calculated Cy,,, curves for various D/J ratios as described in
the text.

consistent with our y*SR findings. Instead, a broad peak was
observed, the origin of which is attributed to low-dimensional
spin correlations and/or a Schottky anomaly associated with
the ZFS of the Ni(Il) ion. It is well-known that the total heat
capacity (C,) is the sum of magnetic (C,,,) and lattice
contributions (Cy). The magnetic contribution can be
approximated by a/T* in a high-temperature series expansion
whereas C, can be estimated by bT° + ¢T°. By plotting CPT2 vs
T (Figure 7b), we found a sublinear dependence of the data
over a certain interval.*® A fit of those data gave a = 267(15)
JK/mol, b = 0.0106(2) J-K*/mol, and ¢ = —1.33(4) x 1073
J'K®/mol. Applying De Klerk’s formula derived for a
Heisenberg magnet, the relation a = 2RzJpy*/3kg” is obtained
for § = 1.>” We obtain Juy = 4.9(2) K (for z = 2) which nicely
agrees with the value found from the y(T) fit.

Subtracting Cy, from C, leads to C,,,, which shows a broad
peak centered at 4.3 K (Figure 7c). Because the spin exchange
and ZFS both may be important in [Ni(HF,)(3-Clpy),]BF,, we
compare C,,, to theoretical curves derived by Blote for the S =
1 Heisenberg chain model that simultaneously considers
various ratios of the anisotropy D/J.** We should point out
that the simulated curves are scaled only against our
susceptibility-derived Jpyr value. The experimental and
theoretical curves are largely indiscriminant for T > 6 K;
however, clear deviations occur below this temperature.
Statistically, D/J = 0 and 1 are not grossly different (over the
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whole T-range) whereas D/] = —1 does not describe the data
nearly as well. These findings suggest that the D/J ratio lies
between 0 and 1 as expected based on the experimental data in
hand. We can rule out a Haldane system as the predicted low-T
exponential behavior of C,,, was not observed.”?’

Figure 8 shows the temperature dependence of C,,/T at
several magnetic fields. From this plot, the zero-field anomaly is
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Figure 8. Cmag/ T vs T under various magnetic fields. The curves were
obtained using the dual slope method whereas the points were
measured using the traditional relaxation method.

located at 2.8 K. The application of a magnetic field moves the
broad peak to lower temperature while increasing its peak
height up to 4 T. Above 4 T, the anomaly becomes even
broader and its amplitude decreases. When the applied field
strength is less than 1 T, we can find an additional field-induced
anomaly (indicated by arrows). This anomaly is broad and
cannot be attributed to LRO of spins. The peak temperature of
the field-induced anomaly monotonically grows as the field
increased. Above 2 T, the field-induced and zero-field
anomalies merge and are no longer recognized as independent
features.

Figure 9 shows the same C,,,/T data in the form of a
contour plot. As shown by the black dashed line, the field-
induced peak rapidly shifts to higher temperatures as the field
increased. The behavior is sometimes manifested as a Zeeman
splitting of the magnetic level, which induces a field-dependent
Schottky anomaly.*® However, if we consider Zeeman splitting
of free spins for example, the C,,/T peak of the Schottky
anomaly is expected to occur at higher fields as indicated by the
red (S = 1/2)***" and blue (S = 1)*' dashed lines which is
inconsistent with the rapid change in observed behavior.

Since application of a magnetic field can modify the ground
state of a 1D system,* ~** it is tempting to speculate that the
field-induced hump might be related to the crossover from
paramagnetic to an exotic low-dimensional ground state, such
as XY-AFM,* gapless chiral,** or gapless Luttinger-Liquid
(LL).Y A quasi-1D bond-alternating chain system, [Ni-
(CyHN,),(NO,)]-ClO, (NTENP), reportedly exhibits
broad humps in the field-dependent heat capacity which was
attributed to a LL-like behavior.*® We find strikingly similar
behavior in [Ni(HF,)(3-Clpy),]BF,, where in spite of a
uniform chain motif, the NiN,F, octahedra alternately tilt
along the chain. So far the LL phase has mainly been studied in
S = 1/2 Cu(II) systems, for example (Hpip),CuBr,.** A gapless
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Figure 9. Contour plot of C,,,;/T. The black dashed line is a guide to
the eye to identify the shift in the small peak. The red and blue dashed
lines denote the calculated temperature and magnetic field dependence
of a Schottky anomaly (if it existed). See Supporting Information,
Figure S1.

chiral ordered phase might account for the field-induced
ground state in [Ni(HF,)(3-Clpy),]BF,. This phase is expected
in the 1D zigzag S = 1 spin system with XY spin anisotropy.
This behavior may contribute to the low-T upturn in y(T) that
we initially ascribed to uncorrelated spins.

B CONCLUSIONS

The crystal structure of [Ni(HF,)(3-Clpy),]BF, consists of 1D
zigzag chains whereby NiN,F, octahedra are linked only by
HF,” ligands. Interestingly, the HF,” ligand is strongly
distorted with H---F bond lengths of 1.19 and 1.42 A and an
F---H---F bond angle of 151°. Surprisingly, the asymmetry does
not greatly hinder eficient spin exchange along the Ni-FHF-Ni
chains, and DFT calculations confirm that all three atoms of the
HF," bridge bear significant spin density. Fitting the y(T) data
to a 1D Heisenberg chain model yielded [Jgyl = 4.86 K, a value
fully consistent with those derived from pulsed-field magnet-
ization and heat capacity data. AOM parametrization of UV—vis
spectral data provided several ligand-field parameters including
the zero-field splitting (D) ~ 3.0 cm™ (& 4.3 K), which is
smaller than those of [Ni(HF,)(pyz),]ZFs (Z = P, Sb). The
values of D and |Jgyl obtained in this way are comparable in
magnitude leading to the conclusion that the D/J ratio is
expected to be appreciably different from zero and possibly of
order unity. Such a D/J ratio, as well as the complete absence of
any evidence for a spin gap, precludes existence of the Haldane
phase. The apparently negligible interchain interactions further
prevent XY magnetic order, at least down to 0.025 K. The
broad low temperature peak in Cmag(T) cannot be attributed to
a Schottky anomaly but instead likely arises from 1D spin
correlations in this material. Further experiments on single
crystals are planned to better understand the exotic field-
induced phase, and work is continuing along these lines.
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