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4, rue Blaise Pascal, F-67000 Strasbourg, France

7Department of Physics, University of Warwick, Gibbet Hill Road, Coventry, CV4 7AL, UK
8National High Magnetic Field Laboratory, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

9National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32310, USA
10Durham University, Centre for Materials Physics, South Road, Durham DH1 3LE, UK
11ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxford OX11 OQX, UK

12Clarendon Laboratory, Department of Physics, University of Oxford, Park Road, Oxford OX1 3PU, UK
13Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany

14National Institute of Chemical Physics and Biophysics, Akadeemia tee 23, 12618 Tallinn, Estonia
(Dated: July 24, 2020)

Synthesis and Crystal Structure. Copper(II) bro-
mide (0.58 g, 2.5 mmol) and silver hexafluorophosphate
(1.261 g, 5.0 mmol) were separately dissolved in 5 ml of
methanol each. The copper-bromide solution was added
to the other solution while stirring; an immediate pre-
cipitate resulted. The combined solution was stirred for
thirty minutes, then filtered. The precipitate yielded
a dry weight of 0.820 g, equivalent to 4.36 mmol of
AgBr (87% yield). Pyrazine (0.40 g, 5.0 mmol) and
2-hydroxypyridine (0.475 g, 5.0 mmol) were dissolved
separately in 5 ml of MeOH. These solutions were com-
bined and added dropwise to the stirred filtrate; the green
cupric solution gradually changed to an olive-green color
but no precipitate appeared. The solution was stirred
for one hour, filtered, then partially covered and set to
evaporate. Within several days, flat green crystals ap-
peared. The product was collected by vacuum filtration,
rinsed once with MeOH, then dried under vacuum. The
crystals obtained were pale green, pleochroic plates, sev-
eral mm on a side. Under one orientation of polarized
light, the crystals are emerald green, and sky blue along
a perpendicular orientation. The crystals extinguish be-
tween crossed polarizers when the growth edges are par-
allel to the axes of polarization. Total product (0.504 g,
0.716 mmol) for a yield of 28.6%. The infrared spec-
trum by the attenuated total reflection (IR (ATR)) and
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the results of the elemental analysis (CHN) appear in
the following. IR (ATR): 3411w, 3134w, 1646s, 1595s,
1543m, 1455m, 1425s, 1401m, 1367w, 1258w, 1231w,
1158m, 1170w, 1155w, 1120m, 1094w, 1086w, 1066m,
1031s, 997m, 832s, 822s, 778w, 765s, 738m, 709s, 555s,
532w 5507m cm−1. (CHN) calculated (experimental):
C 30.7 (30.9, 30.9), H 2.58 (2.63, 2.49), N 11.94 (11.76,
11.90).

The local coordination sphere of the Cu2+ ion in
[Cu(pyz)2(2-HOpy)2](PF6)2 (CuPOF) is presented in
Fig. S1. The copper ion and the four pyrazine nitro-
gen atoms lie in the ab plane, whereas the coordinated 2-
pyridone molecule is nearly normal to the plane. Symme-
try equivalent atoms A are generated via a mirror plane
perpendicular to the a axis, whereas symmetry equiva-
lent atoms B are generated by a two-fold rotation axis
parallel to b.

The crystal data and structure-refinement parameters
for [Cu(pyz)2(2-HOpy)2](PF6)2, as well as selected bond
lengths and angles are presented in Tables S1 and S2,
respectively.

Magnetometry. The single-crystal susceptibilities of
[Cu(pyz)2(2-HOpy)2](PF6)2 between 1.8 and 12 K are
shown in Fig. S2, where they are plotted as the ra-
tios χi/Ci to demonstrate the equality of the temper-
ature dependence for the out-of-plane and in-plane di-
rections c and ab, respectively, where Ci is the corre-
sponding Curie constant. Cc and Cab are 0.496 and
0.402 emuG−1mol−1K, respectively. This equivalence
demonstrates that the ideal Heisenberg model is appro-
priate to describe the data in this temperature range.
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FIG. S1. The local coordination sphere of the magnetic Cu2+

ions in CuPOF.

In order to obtain the absolute values of the magneti-
zation recorded in the pulsed-field experiments, the data
were directly compared with the magnetization recorded
for a CuPOF single crystal at 4 K for H ‖ c (at 2 K for
H ⊥ c) and up to 14 T, using a vibrating sample mag-
netometer (VSM) in a superconducting magnet and 4He
cryostat. These results are presented in Fig. S3.

Additional measurements of the magnetization of a
polycrystalline sample in DC fields up to 35 T were done
using a VSM magnetometer at the National High Mag-
netic Field Laboratory in Tallahassee, as well as in pulsed
fields up to 25 T at the NHMFL facility in Los Alamos.
Representative examples of these data are presented in
Fig. S4. The results are fully consistent with the data
from the HLD (see Fig. 3 in the main text).

Electron Spin Resonance. The room-temperature ESR
powder spectrum of [Cu(pyz)2(2-HOpy)2](PF6)2, mea-
sured at 9.8 GHz, is shown in Fig. S5. A least-squares
fit to the spectrum performed with EasySpin is shown
as the red line. The fit to the spectrum indicates a
slightly rhombic g-tensor with ga = 2.071, gb = 2.056,
and gc = 2.322. The lineshape is primarily Lorentzian
with a smaller Gaussian contribution, as indicated by the
fit parameters 1.207 mT (Lorentzian contribution) and
0.524 mT (Gaussian contribution). The parameters of
the chosen pseudo-Voigt function represent coefficients in
the linear combination of Lorentzian and Gaussian con-
tributions to the lineshape [1]. The mostly Lorentzian
lineshape indicates a dominant superexchange interac-
tion [2]. A small value of Gstrain = 0.027 mT was per-
mitted in fitting the lineshape contribution of gc, where

TABLE S1. Crystal data and structure-refinement parame-
ters for [Cu(pyz)2(2-HOpy)2](PF6)2.

Empirical formula C18H18CuF12N6O2P2

Formula weight 703.86 g/mol

Temperature 120(2) K

Wavelength 1.54184 Å

Crystal system Orthorhombic

Space group Cmca

Unit-cell dimensions a = 13.75960(18) Å

b = 13.75212(19) Å

c = 25.7865(4) Å

α = β = γ = 90◦

Volume 4879.42(12) Å3

Z 8

Density (calculated) 1.916 Mg/m3

Absorption coefficient 3.686 mm−1

F(000) 2808

θ range for data collection 3.428◦ to 76.330◦

Index ranges −10 ≤ h ≤ 17

−17 ≤ k ≤ 17

−32 ≤ l ≤ 32

Reflections collected 23509

Independent reflections 2683 [R(int) = 0.0401]

Completeness to θ = 67.684◦ 100.0%

Absorption correction Gaussian

Max. and min. transmission 0.851 and 0.267

Refinement method Full-matrix least-squares

on F2

Data/restraints/parameters 2683/0/208

Goodness-of-fit on F2 1.060

Final R indices [I > 2σ(I)] R1 = 0.0368, wR2 = 0.1020

R indices (all data) R1 = 0.0387, wR2 = 0.1036

Largest diff. peak and hole 1.068 and -0.563 e·Å−3

Gstrain accounts for anisotropic broadening due to a local
distribution of the g-factor, by adding a Gaussian enve-
lope to the line [1]. The average g-factor determined from
the powder ESR spectrum, 〈gpow〉 = 2.150, agrees well
with the values determined from the single crystal mea-
surements, 〈gSC〉 = 2.146(3), as well as from the magnetic
DC susceptibility, 〈gχ〉 = 2.167.

The anisotropy of the room-temperature ESR spec-
trum of a single-crystalline CuPOF sample was investi-
gated at 9.8 GHz. A single ESR line of nearly Lorentzian
lineshape was observed for each field orientation. As a
representative example, the ESR spectrum obtained for a
field along the crystallographic a axis is shown in Fig. S6.

The angular dependences of the g-factor in the ac,
bc, and ab planes are presented in Fig. S7, resulting in
ga = 2.074(1), gb = 2.068(2), and gc = 2.300(1), see
Table S3. The g-factors along the three crystallographic
axes are determined from fits with a cos2(θ)-type angu-
lar dependence, shown by the red solid lines in Fig. S7.
Additional measurements of the angular-dependent ESR
spectra of a single-crystalline sample of CuPOF were per-
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TABLE S2. Selected bond lengths and angles for [Cu(pyz)2(2-
HOpy)2](PF6)2. Symmetry transformations used to generate
equivalent atoms: #1 (−x+ 1/2,y + 0,−z + 1/2), #2 (x, y −
1/2,−z + 1/2), #3 (x, y + 1/2,−z + 1/2).

Cu1-N11 2.049(2) Å

Cu1-N21 2.0508(16) Å

Cu1-O1 2.2851(14) Å

N14-Cu1(#3) 2.057(2) Å

N11-Cu1-N21 90.08(4)◦

N21-Cu1-N21(#1) 179.84(7)◦

N11-Cu1-N14(#2) 180.0◦

N21-Cu1-N14(#2) 89.92(4)◦

N11-Cu1-O1 89.01(3)◦

N21-Cu1-O1 90.23(5)◦

N14(#2)-Cu1-O1 90.99(3)◦

N21-Cu1-O1 89.77(5)◦

O1-Cu1-O1(#1) 178.02(7)◦

C2-O1-Cu1 168.01(12)◦
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FIG. S2. Temperature dependence of the single-crystal sus-
ceptibilities with the field normal to the layer (χc, black stars)
and within the layer (χab, red circles). The data are presented
as the ratios χi/Ci to demonstrate the equivalence of the tem-
perature dependencies, where Ci are the corresponding Curie
constants. The red solid line and black dashed line repre-
sent the best fits of the 2D QHAF model calculations to the
magnetic susceptibilities χc and χab with J/kB = 6.75(2) and
6.71(1) K, respectively.

formed at the Dresden High Magnetic Field Laboratory.
The anisotropy of the g-factor obtained from these mea-
surements is in very good agreement with those deter-
mined from the measurements at Clark University. A
comparison of all experimentally determined g-factors
and linewidths is presented in Table S3.

The angular dependences ∆Hpp(θ) of the room-

0.0

0.5

1.0

0 10 20 30
0.0

0.5

1.0

 T = 0.37 K
 T = 4 K

(a)

(b)
M

 (m
B 

/  f
.u

.)

 T = 4 K, VSM

H   c

 T = 0.37 K
 T = 1.9 K
 T = 4 K

M
 (m

B 
/  f

.u
.)

m0H (T)

 T = 2 K, VSM

H ^ c

FIG. S3. Pulsed-field magnetization at various temperatures
for (a) out-of-plane and (b) in-plane field directions and com-
parison to magnetization curves recorded with a commercial
VSM magnetometer in DC fields up to 14 T.
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FIG. S4. High-field magnetization of a polycrystalline
CuPOF sample at 0.63 (pulsed-fields, red solid line) and 1.3 K
(DC fields, black dashed lines), recorded at the National High
Magnetic Field Laboratory in the Los Alamos and Tallahassee
facilities, respectively.

temperature ESR linewidth in the ac, bc, and ab planes
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FIG. S5. ESR powder spectrum of CuPOF at room temper-
ature measured at 9.8 GHz. The spectrum is shown as small
black diamonds and the least squares fit to the data is shown
as red line.

FIG. S6. ESR spectrum of [Cu(pyz)2(2-HOpy)2](PF6)2 with
field applied along the a axis measured at 9.8 GHz. A fit with
a pseudo-Voigt function yields a Lorentzian contribution of
1.15468 mT and a Gaussian contribution of 0.0051 mT.

TABLE S3. Comparison of the anisotropic g-factors and ESR
linewidths, obtained from measurements of a polycrystalline
sample (PCU), as well as single-crystalline samples at Clark
University (CCU) and at the Dresden High Magnetic Field
Laboratory (HLD). The average values 〈gsc〉 and 〈∆Hsc〉 of
the two independent measurements of the single-crystalline
CuPOF samples are presented as well.

.

g-factors PCU CCU HLD 〈gsc〉
ga 2.071 2.074(1) 2.072(1) 2.073(2)

gb 2.056 2.068(2) 2.063(2) 2.066(4)

gc 2.322 2.300(1) 2.296(1) 2.298(2)

〈g〉 2.150 2.147(1) 2.144(1) 2.146(3)

Linewidth (Oe) 〈∆Hsc〉
∆Ha

pp 15.7 16.0 15.9(2)

∆Hb
pp 15.3 15.1 15.2(1)

∆Hc
pp 21.7 21.3 21.5(2)

are shown in Fig. S8, and were described by means of the
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FIG. S7. Angular variation of the g-factor of [Cu(pyz)2(2-
HOpy)2](PF6)2 at room temperature measured at 9.8 GHz
for three orthogonal planes. The anisotropies of the g-factor
were modeled using a cos2(θ)-type angular dependence, as
represented by the red solid lines. Note the fine scale for the
ab-plane variation.

Hamiltonian

H = HZ +HJ +HD/d, (1)

where HZ is the Zeeman interaction, HJ is the isotropic
exchange interaction, and D and d are the anisotropic
and antisymmetric exchange interactions, represented by
the term HD/d. Due to the relatively strong isotropic
exchange, J/kB = 6.80(5) K, the hyperfine interaction
was neglected. The anisotropy of the g-factor likely ac-
counts for some of the broadening observed in the c direc-
tion. Based on the powder spectrum of CuPOF, a minor
Gaussian broadening of about 0.267 Oe is expected from
the anisotropy of the g-factor. Due to the large Cu–Cu
distance, the dipolar interaction in the c direction is ex-
pected to be small. A possible spin diffusive behavior,
expected for 2D systems [3], is not observed. In the ab
plane, no angular variation of the linewidth is observed
within experimental uncertainty. The angular variation
of the linewidth in the ac and bc planes was interpreted as
the sum of the isotropic scaling factor A and the variation
of the linewidth due to the antisymmetric and anisotropic
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FIG. S8. ESR peak to peak linewidth as a function of angle
in the ab, ac, and bc planes. The red solid lines represent
fits to the data with equation (2). Note the fine scale for the
ab-plane variation.

exchange B, yielding

∆Hpp(θ) = A+B cos2 θ. (2)

The parameters found from modeling of Eq. (2) to
the experimental data for the ac (bc) plane, represented
by the red lines in Figs. S8(b) and S8(c), are A =
15.73(8) Oe [A = 15.41(7) Oe] and B = 6.17(14) Oe
[B = 6.34(12) Oe].

The ESR frequency vs. magnetic field diagram at 1.5 K
and H‖c is presented in Fig. S9. A single resonance line
was observed at all frequencies up to 500 GHz. A linear
fit of the frequency-field dependence of the ESR mode
(red solid line in Fig. S9) yields a slope, and, thus, g-
factor of gc = 2.29(1). At intermediate fields, when
crossing to the quasi long-range ordered regime (compare
Fig. 7), the resonance is expected to change its charac-
ter from paramagnetic to antiferromagnetic. In general
terms, the development of 3D correlations at the tran-
sition to a quasi long-range ordered state results in the
opening of an antiferromagnetic excitation gap that can
be probed in ESR experiments [4]. The gap in CuPOF
appears to be small, as no signatures of it are detected
within the accessible frequency range of our ESR spec-

trometer, with a lower limit of about 50 GHz. On the
other hand, ESR spectroscopy is well established as a sen-
sitive probe for enhanced spin correlations in the vicinity
of the transition to magnetically ordered states [5]. For
the case of CuPOF, more detailed investigations of the
temperature- and field-driven evolution of spin correla-
tions as probed by ESR spectroscopy will be the subject
of future work.
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FIG. S9. The out-of-plane ESR frequency – magnetic field
diagram at 1.5 K.

Specific Heat. The specific heat at temperatures be-
tween 0.4 and 300 K is presented in the inset of Fig. S10.
The data recorded by use of 3He and 4He cryostats are
denoted by the red and blue circles, respectively. No
sharp anomalies corresponding to structural changes or
ordering transitions were observed in this range.
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FIG. S10. Temperature dependence of the specific heat
of [Cu(pyz)2(2-HOpy)2](PF6)2 in the temperature range be-
tween 1 and 10 K. The inset displays the same data in the
temperature range between 0.4 and 300 K. The data recorded
by use of the 3He and 4He cryostats are denoted by the red
and blue circles, respectively.
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TABLE S4. Coefficients for the magnetic specific heat of the
square-lattice 2D QHAF.

Index Ni Di

1 0.00657 1.86131
2 0.00761 -10.93035
3 -0.16066 28.4599
4 2.913 -32.816
5 -0.35042 20.93204

The specific heat between 1 to 10 K reveals a broad
hump exceeding the phonon contribution, see main panel
of Fig. S10. The 3He data were analyzed as the sum of
the magnetic specific heat of a 2D QHAF and a phononic
contribution. The magnetic specific heat capacity was
represented as a ratio of polynomials

Cmag = R

5∑
i=1

Ni (T/J)
i

5∑
i=1

Di (T/J)
i

, (3)

where R is the gas constant and the values of the co-
efficients Ni and Di are given in Table S4. This new
polynomial is similar in form to one used in a previ-
ous study [6], but is based on recent quantum Monte
Carlo simulations of the magnetic specific heat [7] that
extended to lower relative temperatures and can also rep-
resent the specific heat of rectangular lattices in which
the exchange strengths (J and αJ) along the a and b
axes are different. The range of validity for the square
lattice is between 0.15 ≤ T/J ≤ 5.0.

Muon Spin Relaxation. In a µ+SR experiment [8],
spin-polarized positive muons are stopped in a target
sample, where the muon usually occupies an intersti-
tial 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 lo-
cal magnetic field at the muon site. Each muon decays,
with an average lifetime of 2.2 µs, into two neutrinos
and a positron, the latter particle being emitted prefer-
entially 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 po-
larization direction. Histograms NF(t) and NB(t) record
the number of positrons detected in the two detectors
as a function of time following the muon implantation.
The quantity of interest is the decay positron asymmetry
function, defined as

A(t) =
NF(t)− αexpNB(t)

NF(t) + αexpNB(t)
, (4)

where αexp is an experimental calibration constant. A(t)

170 160 150 140 130 120 110 100

312 K 500450400350

C4C6

C5

C3

C6 C5C3C2

C4

T=
332 K

C2

*

*

*

* *

*

*

*

**

* *

* *

**

*

*

*

*
450400350

276 K

289 K 500450400350

ppm

600 500 400 300 200 100 0 -100

ppm

500450400350

FIG. S11. Temperature dependence of the 13C MAS NMR
spectrum of [Cu(pyz)2(2-HOpy)2](PF6)2. Full spectra are
shown in the right panel. The sharp peaks in the region
between 110 to 150 ppm correspond to the carbon sites in
the 2-pyridone molecules, and are shown in detail in the left
panel. The asterisks in the right panel denote spinning side
lines at a distance of multiple of the spinning speed from the
main lines. The large number of spinning sidebands indicates
large anisotropies of the magnetic shift tensors. The weak
lines in the region between 350 to 420 ppm denoted by arrows
in the insets correspond to the carbon sites in the pyrazine
molecules.

is proportional to the spin polarization of the muon en-
semble.

Magic-Angle Spinning NMR spectroscopy. 13C magic-
angle spinning (MAS) NMR spectra were recorded em-
ploying a Bruker AVANCE-II-600 spectrometer in a
14.1 T magnetic field, using a home-built MAS probe
for 4×25 mm Si3N4 rotors. 137 mg of [Cu(pyz)2(2-
HOpy)2](PF6)2 powder was packed into the rotor and
spun at 13.5 kHz. The temperature dependence of the
spectrum was recorded between 276 and 332 K. Cooling
of the sample was maintained using a gas cooling unit
BCUX from Bruker. The actual temperature of the ro-
tating sample was determined by 207Pb chemical shift of
lead nitrate rotating under identical conditions [9]. The
temperature variation within the sample was typically
±1.5 K, and ±3 K for temperatures above 300 K.

Room-temperature 31P spectra have been recorded on
a Bruker AVANCE-II-360 spectrometer in an 8.45 T ex-
ternal magnetic field with a 31P resonance frequency
of 145.56 MHz, using a home-built MAS probe for
1.8×15 mm rotors. Variable-temperature 31P MAS NMR
spectra were studied at temperatures between 27 and
310 K. Low-temperature spectra have been recorded with
the Bruker AVANCE-II spectrometer at an external field
of 4.7 T with a 31P resonance frequency of 80.985 MHz,
using a home-built cryoMAS probe [10] for 1.8 mm Si3N4

rotors. The sample spinning speed was set to 30 kHz at
all temperatures except the lowest experiment at 27 K,
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FIG. S12. Hyperfine shift of the pyrazine carbons (a) and the
carbon C2 site of the 2-pyridone molecule (b) in CuPOF.

where the spectrum was recorded at 25 kHz spinning rate.
This slowing down of the spinning rate is necessary to sta-
bilize such a low temperature. The temperature of the
spinning sample was measured with a temperature sensor
at the spinner assembly and corrected for a given spin-
ning frequency with the temperature dependent 207Pb
chemical shift of Pb(NO3)2 [9], which was rotating at
the same conditions.

The temperature dependence (276 – 332 K) of the
13C MAS NMR spectrum is shown in Fig. S11. All five
resonances of the 2-pyridone molecules are resolved and
appear at frequency shifts between 110 and 150 ppm,
see left panel in Fig. S11. Spinning sidebands are also
observed and marked by asterisks in the right panel of
Fig. S11. The frequency shifts of the 2-pyridone car-
bons are close to the regular shift values and are inde-
pendent of temperature, except for the carbon site C2.
There are four independent carbons on the two inde-
pendent pyrazine molecules. However, only three MAS
NMR spectral lines have been resolved at the lowest
temperature measured. These lines appear between 350
to 420 ppm with monotonous increase of the frequency
shift with decreasing temperature, see Table S5. The
hyperfine shift of the carbon sites can be evaluated as
K = δOBS − δCS, where δOBS and δCS are the observed
frequency shift and the chemical shift value in solution,
respectively.

The hyperfine shift K is caused by the magnetic mo-
ments of the copper d-shell electrons. It is related to the
molar magnetic susceptibility χmol by Hhfχmol/NAµB,
where Hhf is the hyperfine field, µB is the Bohr magneton
and NA is Avogadro’s number. The hyperfine field can
be determined from the plot K vs χmol. Fig. S12 shows
that the hyperfine shift of the 2-pyridone C2 carbon (b)
and that of the pyrazine carbons (a) linearly depend on
the magnetic susceptibility. The slopes in the plots give
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FIG. S13. Room-temperature 31P MAS NMR spectrum of
[Cu(pyz)2(2-HOpy)2](PF6)2 at 145.56 MHz and a sample
spinning frequency of 40 kHz.

the positive hyperfine field, Hhf , values 770(60), 861(13),
and 940(50) Oe/µB for the pyrazine carbon sites and the
negative value -312(7) Oe/µB, for the carbon site C2 of
the 2-pyridone molecule.
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FIG. S14. Temperature dependence of the 31P MAS NMR
spectrum of [Cu(pyz)2(2-HOpy)2](PF6)2 at 80.985 MHz.

The room-temperature 31P-MAS NMR spectrum is
shown in Fig. S13. Due to the cancellation of local dipole
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FIG. S15. Temperature dependence of the 31P isotropic value
of frequency shift at 80.985 MHz. KISO was determined as
the frequency of the peak maximum.

fields by spinning the sample with a frequency of 40 kHz
at the magic-angle orientation, the 31P-MAS spectrum
is revealed as J resolved with 7 lines, separated by a
scalar spin-spin coupling of J = 712 Hz between the 19F
and 31P nuclei. The chemical shift of -143.2 ppm and
J are in good agreement with previously reported values
for compounds containing PF6 molecules [11, 12]. As the
hyperfine fields at the phosphorus sites and chemical shift
variation of the PF6 anions are small, the two phosphorus
sites are not resolved in the MAS experiments. The ab-
sence of considerable spinning sidebands of the resonance
indicates an isotropic surrounding of the phosphorus.

The temperature-dependent 31P-MAS NMR spectra
are shown in Fig. S14. At high temperatures, the 31P-
MAS NMR spectrum appears J resolved with 7 com-
ponents, as described above for the room-temperature
spectrum. Towards lower temperatures, the components
become broader and the resonance becomes gradually a
single slightly asymmetric line. Usually, the main broad-
ening mechanism in paramagnetic rotating solids is the
influence of the magnetic susceptibility of the powder
particles [13].

TABLE S5. Frequency shift of the carbon sites in the 2-
pyridone molecule (noted as C2-C6) and in the pyrazine
molecules (Pz1, Pz2, Pz3). The chemical shifts (CS) in solu-
tion are given in the last row.

T (K) C6 C4 C2 C5 C3 Pz1 Pz2 Pz3

276 149.4 138.6 121.8 120.9 114.3 392.4 382.5 408.6

288.5 149.2 138.5 125.2 121.0 114.4 382.7 371.1 400.6

301.8 149.1 138.5 128.4 121.2 114.3 372.1 358.4 392.7

312.3 149.2 138.8 131.4 121.4 114.7 366.1 353.3 366.1

331 149.1 138.7 135.9 121.4 114.8 353.4

CS 142.8 136.6 164.5 119.0 107.0 145.0

FIG. S16. Color-code for the relevant magnetic interactions
computed within a 2D layer, whose molecular structure is here
de-emphasized for clarity. Color code: J1(red), J2(blue), and
J3 (orange). J4 accounts for the interlayer coupling (perpen-
dicular to the plane, not shown).

The frequency shift of the 31P resonance line shows al-
most no variation with temperature, see Fig. S15. Usu-
ally, the paramagnetic shift is proportional to the mag-
netic susceptibility. With decreasing temperature from
300 to 27 K the latter increases significantly (see Fig. 2
in main text), whereas there is nearly no variation of the
isotropic value of the 31P NMR frequency shift in that
temperature range.

Density Functional Theory (DFT) Calculations. The
magnetic exchange couplings J between nearest-neighbor
(NN) and next-nearest-neighbor (NNN) copper pairs
were analyzed using the isotropic Heisenberg Hamilto-
nian

H =

N∑
A,B

JABSA · SB . (5)

The broken-symmetry (BS) approach [14, 15] has been
used to properly describe the open-shell low-spin states
(LS, BS), while the equation proposed by Yamaguchi and
co-workers [16] has been employed to account for the dif-
ferent weight of the open-shell and closed-shell states in
the BS solution. All calculations have been performed
with GAUSSIAN 09 [17] at the UB3LYP [18–20] level,
and using a triple-zeta polarization basis set (TZVP).

The magnetic exchange couplings (J1, J2, J3, and J4)
have been computed for four possible types of dimers in
the unit cell of [Cu(pyz)2(2-HOpy)2](PF6)2. Pairs sep-
arated by d1 (6.676 Å) and d2 (6.680 Å) correspond to
the NN interaction through the pyrazine molecules, while
d3 (9.727 Å) is the diagonal next-nearest-neighbor inter-
action within the magnetic layer. In turn, d4 (13.10 Å)
is the nearest-neighbor distance between Cu units in ad-
jacent layers. Pairs at larger distances have not been
considered. The cluster models selected to compute J1
to J3 have been designed to incorporate the potentially-
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(a)                                           (b)

FIG. S17. Cluster models employed for the calculation of
J1 to J4. (a) Tetramer model accounting for the intralayer
interactions J1, J2, and J3. Note that PF6 molecules are
located above and below the plane formed by the Cu-pyrazine
network. (b) Dimer model used to describe the shortest inter-
layer interaction J4. Color code for atoms: copper (blue,
highlighted), oxygen (red), nitrogen (pale blue), phosphorus
(gray), fluorine (green), carbon (black). Hydrogen atoms are
not shown for clarity.

relevant counter ions in an explicit manner. Ideally, the
treatment of the whole unit cell of the crystal, includ-
ing periodic boundary conditions, would be necessary to
properly account for effects of the environment in the J
values. However, the small magnitude of the magnetic
interactions make them incompatible with the approxi-
mations adopted in this type of calculations to keep the
computational cost under control. In the present case,
with the aim at balancing cost and accuracy, we have
used a tetramer cluster model, i.e., four Cu centers, for
the J1 to J3 intralayer interactions, rather than the com-
mon dimer model [21]. For comparison purposes, the
dimer model has also been used to compute J1 to J3 and
the interlayer value J4. The cluster models are shown in
Fig. S17.

The computed magnetic interactions confirm the 2D
magnetic topology of the system, see Table S6. The dom-
inant magnetic interactions are between adjacent copper
centers in the layers, with J1/kB of 18.7 K and J2/kB of
16.4 K. The diagonal interaction, J3/kB, is much weaker
with only 0.3 K, whereas the interlayer interaction is neg-
ligible, with J4/kB < |0.15| K. Notice that the strengths
of J1 and J2 are slightly different despite the near equal-
ity of the respective copper-copper distances. Such a dif-
ference was also observed in copper pyrazine perchlorate
Cu(pz)2(ClO4)2 [22] and was ascribed to (i) the differ-
ent relative disposition of the counterions and (ii) to a
change in the Cu–N and N–N distances involved in the
magnetic pathways.

The calculations using the dimer cluster model yield
J1/kB = J2/kB = 29.3 K, and J3/kB = J4/kB < |0.15|K.
Note that J1 and J2 are equivalent within this model,
and J3 vanishes in comparison with the calculations us-
ing a tetramer model. Finally, the dimer cluster model

TABLE S6. Magnetic interactions J1/kB to J4/kB and asso-
ciated Cu–Cu distances d1 to d4 computed using the various
cluster models. CI = Counter Ions.

Ji/kB
di Tetramer+CI Dimer+CI Dimer

(Å) (K) (K) (K)

J1/kB 6.676 18.7 29.3 11.8
J2/kB 6.680 16.4 29.3 11.8
J3/kB 9.727 0.3 < |0.15| < |0.15|
J4/kB 13.097 < |0.15| < |0.15| < |0.15|
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FIG. S18. Computed and experimentally-measured (a) mag-
netic susceptibility and (b) specific heat for [Cu(pyz)2(2-
HOpy)2](PF6)2.

in the absence of counter ions leads to the weakening
of J1/kB = J2/kB = 11.8 K. This suggests, similar to
the case of Cu(pz)2(ClO4)2 [22], that the counterions
have a strong influence on the magnetic pathway, en-
hancing the strength of the antiferromagnetic interac-
tions. It is conceivable that further enlargement of our
cluster model, by increasing either the number of Cu cen-
ters or the neighboring PF6 molecules, would change our
computational estimation of J1. Generally, the DFT cal-
culations confirm the magnetic topology of [Cu(pyz)2(2-
HOpy)2](PF6)2, as consisting of magnetically isolated 2D
layers.

Using the computational estimates of J1 – J3 by
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the tetramer cluster model, the macroscopic proper-
ties of [Cu(pyz)2(2-HOpy)2](PF6)2 can be computed
by using well-known statistical-thermodynamics expres-
sions within the first-principles bottom-up procedure
(FPBU) [23, 24]. A subset of the magnetic topology,
called model space, is selected in a way that, when the
Heisenberg Hamiltonian is applied on the basis of a re-
gionally reduced density-matrix approach, the resulting
set of eigenvalues reproduces those that result from the
application of the Heisenberg Hamiltonian to the full, in-
finite crystal. In the present study, we have selected a
model space of sixteen Cu atoms arranged in a 4 × 4
plane, which aims at reproducing the infinite 2D layers
of [Cu(pyz)2(2-HOpy)2](PF6)2. Sixteen sites are usually

sufficient to achieve convergence of the magnetic prop-
erties, especially considering the simplicity of the mag-
netic topology of [Cu(pyz)2(2-HOpy)2](PF6)2. Finally,
the matrix representation of the Heisenberg Hamiltonian
is built and fully diagonalized by using as a basis set the
space of ms spin functions of a magnetic model of the
selected 16 sites. The resulting energy and spin multi-
plicity of all possible magnetic states (up to 12870) are
then used to calculate the macroscopic properties of the
system, such as the magnetic susceptibility and specific
heat. As shown in Fig. S18, the experimental and calcu-
lated values are qualitatively similar, with temperature
dependences that scale with the values of the interaction
strengths.
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