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We report the temperature-dependent infrared spectra of pure, deuterated, Zn-doped, and
2,6-dimethyl-substituted samples of the S = /5, one-dimensional Quantum Heisenberg
Antiferromagnet (QHAF) copper pyrazine dinitrate (Cu(C4H4N2)(NOg),). Of the more than
100 vibrational modes observed in the spectra, nearly one-third of them unexpectedly soften
throughout the temperature range of investigation (300—5 K). We discuss the temperature
dependence of the vibrational spectra in terms of several different models for mode softening.
On the basis of detailed structural information and a comparison of the infrared spectra
between pure copper pyrazine dinitrate and its chemically modified relatives, we conclude
that the unusual softening observed in this low-dimensional molecular magnet is due to
enhanced interchain hydrogen bonding with decreasing temperature.

I. Introduction

The concept of magneto-structural correlations by
lattice engineering has been of great interest for de-
cades.! If the magnetic properties of a material can be
altered via chemical or structural modifications, the goal
of ever better control over the design and resulting
properties of molecular magnets can be achieved. For
instance, it is possible to control the dimensionality of
a magnetic solid through chemical modifications to the
structure; (ChH2n+1NH3)2,MCl,4, where M is a 3d metal
ion, is an example.2 Many compounds with a propensity
for chemical tunability of magnetic properties, including
KMI’]O4PO4'HQO,3 Ca2+XY2_xCu5010,4 Ni(C2H3N2)2N02-
C|O4 (NENP), and Ni(CzHgNz)zNOzPFe (NENF),5 have
been investigated. Recent studies on Mn;,—acetate and
related systems®’ reveal important quantum effects and
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add to the importance of lattice engineering in molecular
magnets.

Our understanding of low-dimensional magnetic sys-
tems has been furthered by the investigation of magneto-
structural correlations in bridged linear chain anti-
ferromagnets. Copper pyrazine dinitrate, denoted CuPzN,
is one such material, and is well represented by the S
= 1/, QHAF model. Cu(C4H4N2)(NOg3), is highly one-
dimensional; there is no indication of a transition to
three-dimensional order down to 0.1 K, which implies
that the ratio of interchain to intrachain coupling,
(J'13) < 10748710 The crystal structure is shown in
Figure 1. It consists of linear chains of copper atoms in
the crystallographic a direction, with each copper sur-
rounded by two pyrazine molecules and two semich-
elating nitrate ions in a distorted octahedral arrange-
ment. The pyrazine molecules lie at a 51° angle from
normal to the basal plane, which is made up of the plane
of the copper atom, the pyrazine nitrogen atoms, and
the close oxygen atoms of the nitrate group. The path
of the superexchange has been determined by neutron
diffraction experiments to be through the pyrazine
molecules.® The molecular structure of CuPzN provides
many opportunities for the engineering of its lattice and
subsequent magnetic interactions, which account for the
popularity of this system.11718 These modifications
include the possibility of substituting methyl groups on
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Figure 1. Crystal structure of copper pyrazine dinitrate.

one or more carbon atoms of the pyrazine ring, replacing
the S = 1/, Cu spin sites with diamagnetic Zn atoms or
isotopic substitution. In most cases the resulting mag-
netic properties are different from the pure compound.
The strength of the superexchange interaction has
recently been shown!® to depend on the symmetry of
the copper coordination sphere, which is lowered by
certain methyl substitution on the pyrazine ring; the
lowered symmetry induces a change in the exchange
strength. Replacing Cu?* ions with Zn?* ions breaks the
linear magnetic chain. Impurity substitution is also of
interest in other transition metal oxides.20—30
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Susceptibility measurements show that CuPzN is well
described by the 1-D QHAF model, where the data are
fit by the Bonner Fischer model.®3! The exchange
constant derived from these fits is 2J/kg = —10.4(1) K,
which corresponds to a T = 0 saturation field of 14.6 T
as determined by the molecular field result for S = /,:
gugHsar = 2zkgJ. This material is an excellent candidate
for spin dynamics studies in high magnetic fields
because the magnetization saturates at a field that can
be attained experimentally. The saturation fields of the
chemically modified materials are lower yet: Cu(mepz)-
(NO3) = 13.7(2) T, Cu(2,3-dimepz)(NO3) = 11.3(4) T.
Such tunability of magnetic properties based on the
nature of the nonmagnetic bridging group allows the
study of many interesting high-field properties, includ-
ing random exchange effects in samples with mixed
substituted pyrazines.®:32

While the magnetic properties of CuPzN have been
studied as a function of chemical substitution, there are
still unanswered questions regarding how these chemi-
cal modifications alter the elastic properties of the
lattice. We have investigated the vibrational response
of CuPzN and its derivatives via infrared spectroscopy
to better understand the nature of the magneto-
structural correlations.

Il. Experimental Section

Needlelike crystals of CuPzN were grown by slow evapora-
tion of aqueous Cu(ll) nitrate and pyrazine in a 1:1 ratio.®
Likewise, deuterated(Cu(ll) NO3z + deuterated pyrazine), Zn-
doped (Cu(I)NO3 + Zn(II)NO3 + pyrazine), and substituted
dimethylpyrazine (Cu(l1)NO;3; + (2,6)dimethylpyrazine) com-
pounds were grown by similar techniques. The pure crystals
as well as the Zn-doped and deuterated samples were purple,
thin needles, whereas the substituted material was darker,
thicker, and longer. Zn impurity concentration was assessed
by inductively coupled plasma/atomic emission spectroscopy.33

Polarized middle infrared (MIR) transmission spectra were
taken with a Bruker Equinox 55 FTIR equipped with an IR
Scope 11 infrared microscope. A liquid-nitrogen-cooled MCT
detector was employed. Temperature control was provided by
an Oxford Microstat He cryostat. Polarized 300 K far-infrared
(FIR) spectra were collected at the National Synchrotron Light
Source at Brookhaven National Laboratory. Data were taken
on a Bruker 113V FTIR equipped with a bolometer detector
at Beamline U12IR of the VUV ring.3* Standard polarizers,
filters, and beam splitters were used to cover the respective
frequency ranges.

Even with the thinnest crystals, a number of vibrational
bands in the aforementioned polarized spectra were saturated.
To circumvent this problem, several crystals were ground with
KCI (MIR) and paraffin (FIR) and pressed into pellets for
unpolarized infrared measurements. The advantage of this
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Figure 2. Single-crystal infrared transmittance spectrum of
copper pyrazine dinitrate at 10 K, with light polarized parallel
to the chain axis. The inset displays the far-infrared transmit-
tance data at 300 K.

technique is that we can adjust the sample concentration to
highlight a feature of interest; however, in such measure-
ments, polarization information is lost. Temperature-depend-
ent far-infrared and mid-infrared data were obtained using a
Bruker 113V FTIR with bolometer and DTGS detectors,
respectively. The pellets for the middle infrared analysis were
made with KCI rather than KBr to avoid possible reduction
of Cu?" to Cul*.

Standard PEAKFIT procedures were used to fit the fre-
guency-dependent absorption data. Here, absorption was
estimated from the measured transmission as o(w) =
—In(T(w)). The raw data were fit primarily with Lorenztian
peak shapes using reasonable background choices. Errors were
estimated statistically, based upon 95% confidence limits of
the fit parameters.

111. Results

Figure 2 shows the infrared transmittance spectrum
of a single crystal of pure CuPzN with light polarized
parallel to the magnetic chain direction.3®> The spectrum
is very rich with a large number of intramolecular
vibrations; if we consider both ||a and Oa polarizations,
there are more than 100 modes, attesting to the excel-
lent wave propagating properties and insulating nature
of this material. Even when extremely thin samples
(=1.1 x 0.075 x 0.012 mm) are used for the measure-
ments, the absorptions are so intense that peak satura-
tion in the transmittance spectrum cannot be avoided.
Yet another peculiarity is the energies at which these
features appear. The modes appear to be divided into
clusters, perhaps relating to their respective order, and
the structures continue up to 6000 cm~1, which is very
unusual 3837 The far-infrared regime was also explored

(35) The middle infrared spectrum of the single-crystal CuPzN was
taken with an infrared microscope because of the small size of the
samples.

(36) Transmittance measurements of Cgo reveal a similarly rich
spectrum, with higher energy modes clustered above 1500 cm~1, yet
features do not appear at such high energy as in CuPzN.5°

(37) Vibrational transitions near 6000 cm~! appear to be fourth-
order, with the lower energy transitions being third-, second-, and first-
order, respectively.
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on pure CuPzN single crystals to gain information on
the first-order fundamental modes and also to help
make assignments on the higher order combination and
overtone modes. The majority of the peaks in the far-
infrared are also saturated, but the polarization assign-
ments are clear. Mode assignments were performed with
the aid of known functional group frequencies and
vibrational analyses of similar systems.38-46

Both paraffin and KCI isotropic pellet spectra (not
shown) display fewer features overall, as we are averag-
ing over both polarizations and many modes are super-
imposed. These experiments were performed to gain
more control over the CuPzN concentration in the
incident beam. This allows us to identify the exact
resonance position of modes that were previously satu-
rated in the single-crystal data and to track these peak
positions and other mode characteristics with temper-
ature.

Temperature-dependent measurements were per-
formed on both single-crystal and pressed pellet samples
of CuPzN in the range of 5—300 K. The most striking
result is the trend of peak center vs temperature of a
large number of peaks. Many of the features shift to
lower frequency with decreasing temperature, and this
mode “softening” occurs gradually throughout the entire
temperature range of investigation. In the single-crystal
data, nearly one-third of the modes soften. This trend
is in contrast to the general expectation of mode
hardening.4” Figure 3 compares the temperature de-
pendence of some representative red-shifted modes to
that of the more standard blue-shifted modes. As will
be shown later, this unusual softening behavior ob-
served in CuPzN is a result of interchain hydrogen
bonding.

The peak centers of features in the pure CuPzN
spectra were plotted against temperature for many
modes, both hardening and softening, and a representa-
tive selection is shown in Figure 4. The trends of peak
area and FWHM of these vibrational modes (not shown)
were also monitored, and each behaves the same way,
independent of the direction of the frequency shift with
temperature. There is no abrupt discontinuity in any
of the trends which would indicate a phase transition
in this temperature range, in agreement with previous
structural, susceptibility, and specific heat data.®!! It
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Figure 3. Representative plots of the temperature dependence of both hardening and softening modes in middle-infrared spectra
of single-crystal CuPzN. The solid lines represent the spectrum at 300 K, whereas the dashed lines represent the spectrum at 10
K. The features in the left column soften with temperature (upper panel: NO; nonplanar deformation; lower panel: C—H out-
of-plane deformation or ring stretch), and those in the right column harden (upper panel: in-plane bending of pyrazine ring;
lower panel: combination or overtone). The arrows show the direction of the frequency shift, from 300 to 10 K, for clarity.

is interesting that the temperature dependence of the
peak center of the modes that soften is nearly linear,
whereas the trend of the modes that harden is clearly
nonlinear. This distinction holds for most of the modes
analyzed and seems to suggest a different physical
origin for the two behaviors. The assignments of all
softening modes observed in a single crystal of copper
pyrazine dinitrate are shown in Table 1.
Temperature-dependent KCI pellet transmission mea-
surements were also performed on a number of chemi-
cally modified derivatives of CuPzN, including deuter-
ated, 2,6-dimethyl-substituted and 0.50% Zn-doped
samples. The softening is less pronounced in the deu-
terated material and least prominent in the 2,6-di-
methyl copper pyrazine dinitrate. Overall, the spectrum
of Zn-doped CuPzN is quite similar to that of the pure
material in the region 650—7500 cm™%, and the tem-
perature-dependent frequency shifts of all modes matched
as well. Finally, the middle infrared response was

measured on a KBr pellet sample of pure pyrazine as a
function of temperature to ensure that the vibrational
modes of pyrazine do not soften. All of the features
observed in this spectrum hardened, as expected.

IV. Discussion

A. Models of Vibrational Temperature Depen-
dence. The softened modes observed in this system are
many, red-shifting over the entire temperature region
(3005 K), and generally display a small absolute
frequency shift (5 cm™! or less). These characteristics
run counter to the standard picture of a “soft mode” as
a precursor to superconductivity or a magnetic ordering
temperature. That there are no structural nor magnetic
transitions in this temperature range makes it neces-
sary to investigate models of vibrational softening to
discover the fundamental mechanism behind this phe-
nomenon.
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Figure 4. Trends of peak center of representative modes (the same modes as in Figure 3) vs temperature. Note the near-linearity
of the trend of softening modes (left column) and nonlinearity of hardening modes (right column).

The temperature-dependent frequency change of a
phonon o in magnetic materials can be written as:48-52

0o(T) = 0y(To) = Aw,(T) =
(Awa)latt + (Awa)anh + (Awa)ren + (Awu)s—ph (1)

The first term is the lattice contribution and is con-
cerned with the change in bond strengths and lengths
as the unit cell contracts/expands with temperature. It
is commonly approximated by the Grineisen law and
assumes either a cubic crystal or an isotropically
expanding/contracting lattice.*®5152 We will discuss
whether this term is responsible for the softening modes
in copper pyrazine dinitrate in more detail later.

(48) Granado, E.; Garcia, A.; Sanjurjo, J. A.; Rettori, C.; Torriani,
l.; Prado, F.; Sanchez, R. D.; Caniero, A.; Oseroff, S. B. Phys. Rev. B
1999, 60, 11879—11882.
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(51) Proceedings of the International School of Physics ‘Enrico
Fermi’: Semiconductors; Smith, R. A., Ed.; Academic Press: New York,
1963; pp 505—514.

(52) Kleinman, D. A. Phys. Rev. 1960, 118, 118.

The (Awg)anh term accounts for the intrinsic anhar-
monic contribution or the anharmonicity at constant
volume.*® In CuPzN, the standard peak shapes of the
softened modes remain at all temperatures and suggest
that the reason for such behavior is not purely anhar-
monic. Further, if the modes were softening because of
intrinsic anharmonicity, only higher order excitations
should show this behavior. Softened modes are found
throughout the spectrum (even as low as ~700 cm™1),
and many are first-order.

The third term in eq 1 is the renormalization contri-
bution. This term accounts for the renormalization of
electronic states that may occur through a three-
dimensional magnetic ordering temperature.*850 CuPzN
does not order at any temperature investigated here,
and on the basis of the insulating character of this
material at all temperatures, this term cannot be
responsible for the softening observed throughout the
temperature region studied.

Finally, (Awa)s-pn is the contribution to the change
in the phonon frequency from spin—phonon interactions.
The spin—phonon contribution is caused by the modula-
tion of the exchange integral by lattice vibrations. This
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Table 1. Assignments of Softening Modes in Pure Copper
Pyrazine Dinitrate

position  position
at300 K at5K
(cm™)  (cm™)

intensity? characterization

Polarized Parallel to Chain Direction

1427.9 1426.1 S C—H in plane bending
1494.4  1493.9 w C—H in plane bending
1584.0 1583.6 S N—C—H vibration of pyrazine
2348.9 2346.3 w combination and overtone
2430.0 2426.9 m combination and overtone
2450.0 2446.4 w combination and overtone
27179 2715.3 m combination and overtone
2766.0 2761.8 m combination and overtone
2849.9 2846.0 m combination and overtone
~2920 2919.3 w combination and overtone
3794.6  3791.9 m combination and overtone
4195.1 41935 m combination and overtone
4283.2 4281.9 s combination and overtone
4354.2  4352.2 S combination and overtone
4452.1 44515 s combination and overtone
4597.1 4596.7 s combination and overtone
Polarized Perpendicular to Chain Direction
708.0 707.1 S NO; nonplanar deformation
1089.7 1088.2 m C—H out of plane deform.
or ring stretch
1103.7 1101.7 w ring stretch
2180.4 2176.0 m combination and overtone
2491.4  2489.0 s combination and overtone
2759.4  2757.8 s combination and overtone
2952.4  2948.2 s C—H stretch
3013.3 3011.0 w C—H stretch
3100.0 3098.4 m C—H stretch
3954.3 3950.7 w combination and overtone
4469.6  4468.1 m combination and overtone
4523.0 4521.3 s combination and overtone
5929.3 5927.3 w combination and overtone

as = strong, m = medium, w = weak.

interaction was considered as a contribution to the
change in a phonon frequency in europium oxide by
Baltensperger and Helman*® and was applied to a
softening mode in LaMnO;3 by Granado et al.,*® although
in this case, the ~610-cm~! mode only began to soften
below the ~140 K magnetic ordering temperature.
Because the mode softening in CuPzN takes place
between 300 and 5 K and is not enhanced at an ordering
temperature, this term is likely not responsible for the
softening behavior. Further, estimates of the size of
(Awg)s—pn indicate that it is very small and unlikely to
contribute here.*®

On the other hand, a model used to describe the large
Seebeck coefficients displayed in the boron carbides
(B12+xC3—x) is that of carrier-induced vibrational soften-
ing. Localized carriers are known to soften the vibra-
tions to which they are coupled because of the nonlinear
dependence of their electronic energy on atomic dis-
placements. Here, in response to an asymmetric in-
tramolecular vibration in the crystal, there is a redis-
tribution of the charge of a localized carrier as the
atoms move. Thus, the degree of softening depends on
the transfer energy of the intramolecular electronic
motion.53-55 Copper pyrazine dinitrate, however, is an
insulator.>® The absence of underlying electronic struc-
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tures at lower energy and the shape of the features show
the purely vibrational character of the modes and the
insulating nature of this material. Therefore, we con-
clude that carrier-induced vibrational softening is not
a suitable model for this system.

Low-temperature softening of six Raman active modes
in the organic molecular building block material BEDT-
TTF (neutral and dg-BEDT-TTF) has been observed by
Lin et al.5” The authors report that the observed
softening indicates a structural instability in the mate-
rial (in the absence of a structural phase change) and a
subsequent increase in C—H bending at low tempera-
ture, which is supported by X-ray data. This scenario
has many similarities to the phenomenon observed in
copper pyrazine dinitrate.

B. Spectra and Bond Length Analysis. The lattice
term in eq 1 considers the change in frequency of
phonons with temperature based on volume effects.*8
Because the Grilneisen approximation assumes an
isotropically expanding/contracting lattice, phonons are
normally expected (with regard to this term) to shift to
higher energy with decreasing temperature, as the
spring constants of all vibrations tighten at low tem-
perature. The high- and low-temperature lattice pa-
rameters derived from both X-ray diffraction and neu-
tron experiments show, however, that copper pyrazine
dinitrate does not contract isotropically; the chain axis,
being quite rigid, contracts less than the other two
crystallographic directions.®1258 Because the lattice
contribution cannot be so easily explained by a simple
volume approximation, it is necessary to investigate the
detailed structural changes and interactions of CuPzN
as temperature is lowered.

Vibrational mode softening in CuPzN interpreted
within a lattice contribution picture is consistent with
an increase in bond lengths related to the affected
functional group signatures with reduced temperature.
Table 2 compares the lengths of selected bonds in this
material at both 300 and 158 K.%1258 Some bond lengths
are reduced with decreasing temperature, consistent
with the observed mode hardening, yet others remain
constant or even increase. For instance, the C—C bonds
of the pyrazine moiety remain relatively constant,
whereas the bonds between the nitrogen and carbon
atoms of the ring increase in length with decreasing
temperature. The N(2)—0(1) and N(2)—0O(3) bonds also
increase significantly. The C—H stretching modes ob-
served in the spectra around 3000 cm~! also tend to
soften, suggesting that these bonds increase in length
as well. Figure 5 displays asymmetric sections of two
neighboring chains of CuPzN and specifies a number
to designate each atom in the asymmetric unit for
clarity.

To explain why the aforementioned bond lengths
increase with decreasing temperature in the absence of
negative thermal expansion coefficients, it is necessary
to consider possible interactions between chains. For
bonds to soften in a lattice where all three crystal-
lographic directions contract, albeit at different rates,

(53) Emin, D. Phys. Rev. B 2000, 61, 6069—6085.

(54) Emin, D. Phys. Rev. B 1993, 48, 13691—13702.

(55) Emin, D. Phys. Rev. B 1999, 59, 6205—6210.

(56) The edge of the optical gap does not begin until ~10 000 cm™1,
which is quite far away from the energy range of molecular vibrations,
and no appreciable electron—phonon coupling is expected or observed.

(57) Lin, Y.; Eldridge, J. E.; Williams, J. M.; Kini, A. M.; Wang, H.
H. Spectrochim. Acta Part A 1999, 55, 839—843.

(58) 300 K X-ray data taken from Santoro et al. were confirmed
and found to agree within the standard deviation values reported. The
crystal structure data have been deposited with the CCDC, reference
#158874.
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Table 2. Comparison of Selected Bond Lengths and Angles of Pure Copper Pyrazine Dinitrate at 300 and 158 K

distance? at 300 K (A)

distanceP at 158 K (A)

angle? at 300 K (deg)

angleb at 158 K (deg)

Coordination Sphere

Cu—N(1) 1.984(4) 1.974(3) N(1)—Cu—0O(1 or 2) 90 90
Cu—0(1) 2.010(4) 2.004(3) O(1)—Cu—0(2) 56.11(17) 56.88(9)
Cu—0(2) 2.490(5) 2.478(3)
Nitrate Group

N(2)—0(1) 1.287(7) 1.295(4) O(1)—N(2)—0(2) 116.71(48) 117.6(3)
N(2)—0(2) 1.249(7) 1.247(4) O(1)—N(2)—0(3) 119.30(50) 118.7(3)
N(2)—0(3) 1.214(7) 1.227(4) 0(2)—N(2)—0(3) 123.99(55) 123.7(3)

Pyrazine Molecule
N(1)—C(1) 1.330(5) 1.339(3) C(1)—N(1)—-C(1) 118.73(36) 118.8(3)
C(1)—C(1) 1.387(5) 1.387(4) N(1)—-C(1)—-C(1) 120.64(37) 120.61(15)
C(1)—H(1) 0.93(7)

2300 K data were taken from Santoro et al.1258 b 158 K data were taken from Hammar et al. and unpublished data.®%8
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Figure 5. A section of two neighboring chains of copper
pyrazine dinitrate, highlighting both the number designation

of the atoms in the asymmetric unit and the proposed
interchain electrostatic interaction.

there must be competing interactions. Because of the
arrangement of the nitrate ions and the pyrazine
molecule, an electrostatic attraction between the pyra-
zine hydrogens and the oxygens of the nitrates is
possible. The distance between C(1) and O(2) within
each chain, however, is much greater than 3 A, making
this intrachain interaction unlikely. The distance be-
tween the carbon of the pyrazine and the oxygen of a
nitrate ion on a neighboring chain turns out to be 3.459
A at 300 K.58 This distance becomes smaller as the
temperature is lowered (3.443 A at 158 K), making the
interchain hydrogen bond more favorable. Because of
the anisotropic thermal expansion of the crystal caused
by the rigidity of the chain axis (a), this electrostatic

Table 3. Frequency Shift of NO, Nonplanar Deformation
Mode in Pure, Deuterated, and 2,6-Dimethyl-Substituted
Copper Pyrazine Dinitrate in KCI

o (cm™1) o (cm™1) Aw

material at 300 K at5 K (cm™1)
pure CuPzN 707.72 706.83 0.89
2,6-dimethyl CuPzN 707.12 706.50 0.62
deuterated CuPzN 707.68 706.98 0.70

interaction strengthens more rapidly than the overall
lattice contraction. This attraction may pull the hydro-
gen and the oxygen together, causing increased C—H
and N(1)—C(1) bond lengths and a spreading of the
nitrate ion. The hydrogen bond competes with the lattice
contraction along a, leaving the C—C' bond distance
unchanged with decreasing temperature. This is be-
cause the neighboring hydrogen bond interaction of the
same ring produces an attraction on C' with a compo-
nent in the a direction opposite to that on C. The weak
hydrogen bonding between chains is highlighted in
Figure 5 with a dashed line.

C. Chemical Substitution Effects. An attractive
property of the CuPzN system is the ability to alter the
structure in a variety of ways. There are a number of
methods with which to modify the pyrazine ring alone;
methyl groups can be placed on the ring in different
configurations and the hydrogen atoms may be replaced
by deuterium.® This tunability can be used as a tool to
test the hydrogen-bonding interaction hypothesis as the
origin of the vibrational softening.

Substituting methyl groups to the pyrazine ring of
CuPzN significantly interferes with the interchain
electrostatic interaction, both because two hydrogen
atoms have been replaced by CHj; and steric effects
should drive the remaining hydrogens further away
from the oxygen atoms. When hydrogen atoms of the
pyrazine ring are replaced by deuterium, the electro-
static attraction is expected to be similar to the pure
compound (while deuterium is heavier, the electrone-
gativity is unchanged). Because of the difference in
mass, however, we anticipate that the C—D bond length
will not increase as quickly with decreasing temperature
and that the overall softening observed in the vibra-
tional modes of (D4)CuPzN should therefore be less
pronounced.

We have measured both 2,6-dimethyl and deuterated
copper pyrazine dinitrate as a function of temperature
to test these predictions. Table 3 compares the magni-
tude of the softening observed in pure, deuterated, and
2,6-dimethyl-substituted copper pyrazine dinitrate. Here,
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the frequency shift of a NO, nonplanar deformation
mode is used as a measure of the degree of overall
softening in each material. As expected, the change in
frequency of this mode is the greatest for pure CuPzN,
less for the deuterated material, and least for the 2,6-
dimethyl-substituted compound. CuPzN doped with
0.50% Zn was also measured, but no difference in Aw
was noticed from that observed in the pure material.
Because doping with Zn does not interfere with the
electrostatic interaction of the hydrogens of the pyrazine
and the oxygens of the nitrate ion, this result is also
expected.

Recent studies!®®® of the crystal structures of the
methyl-substituted Cu(sub-pz)(NOs3), chains have pro-
vided insight into the variation of exchange strengths
within this family of compounds. Structures are now
known for Cu(2-mepz)(NOs3),, Cu(2,3-dmpz)(NO3),, and
Cu(2,5-dmpz)(NOg3), for which the antiferromagnetic
exchange strengths are 9.5, 8.1, and 10.2 K, respectively.
The crystal structure of Cu(2,6-dmpz)(NOg3), (J/k = 10.9
K) has not yet been determined.

The effects of methyl substitution are 2-fold. The
decreased symmetry of the substituted pyrazine mol-
ecule lowers the symmetry of the copper sites in the
Cu(2-mepz)(NO3),and Cu(2,3-dmpz)(NO3), chains, such
that the copper atom sits above the local basal plane
and the trans N—Cu—N and O—Cu—0 angles are less
than 180°. Such changes decrease the orbital overlap
of the copper dy>-y? orbital onto the pyrazine ring and
can account for the reduction in exchange strengths for
these two compounds.

The additional steric bulk of the substituted pyrazine
molecules also affects the patterns in which the chains
are packed into three-dimensional lattices but without
significantly altering the hydrogen-bonding patterns. In
CuPzN, hydrogen bonding between the ring hydrogens
and nitrate O(2) atoms of adjacent chains is found with
a C—0(2) distance of 3.443 A at 158 K. In both the mepz
and 2,3-dmpz analogues, the chains along the a axis
form layers in the ac planes. The methyl substituents
on the pyrazine rings are oriented in double layers such
that the methyl groups of adjacent sheets face each
other, with the hydrogens attached to C(5) and C(6)
facing each other in the alternate layers. As a result,
the distance between the planes of copper atoms alter-
nates.

On the basis of X-ray structural data, hydrogen
bonding similar to that found in CuPzN is likely to occur
between the ring hydrogens and O(2) atoms from

(59) Amaral, S.; Jensen, W. E.; Landee, C. P.; Turnbull, M. M;
Woodward, F. M. Polyhedron, in press.

(60) Martin, M. C.; Du, X.; Kwon, J.; Mihaly, L. Phys. Rev. B 1994,
50, 173—183.
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adjacent planes for the methylpyrazine and 2,3-di-
methylpyrazine analogues, with C—0(2) distances of
3.47 and 3.48 A, respectively. No favorable hydrogen-
bonding condition involving the methyl groups is an-
ticipated for any of the structures. In Cu(2,5-dmpz)-
(NOs), the packing of chains is very different, consistent
with the lower symmetry of the P1 space group. Hy-
drogen bonding is likely between O(2) of one chain and
the hydrogen of a ring carbon on the adjacent chain.
The C—0(2) bond distance (3.36 A) is even smaller in
this compound, suggesting that the interaction may
even be enhanced relative to CuPzN. The structure of
the 2,6-dmpz analogue is not yet known, but the
softening of the vibrational modes observed here sug-
gests that the hydrogen bonds found within it form
networks similar to those observed in the other mem-
bers of the copper substituted pyrazine family.

V. Conclusion

The infrared spectrum of CuPzN is characteristic of
an insulator, with an extraordinary number of vibra-
tional modes that continue to energies as high as 6000
cm~1. These measurements reveal many modes in
copper pyrazine dinitrate that unexpectedly soften with
decreasing temperature. We propose that this softening
is caused by certain bond lengths that increase with
decreasing temperature due to an interchain electro-
static interaction that competes with the overall thermal
contraction of the lattice. This conclusion is supported
by an updated analysis of previous X-ray data. Tem-
perature-dependent infrared measurements of chemi-
cally modified CuPzN materials also support this sce-
nario; the degree of softening is more pronounced with
the pure sample than in 2,6-dimethyl-substituted CuPzN,
where hydrogen bonding is less favorable. That soften-
ing modes are observed in pure CuPzN as well as all of
the chemically modified compounds investigated here
suggests that interchain hydrogen bonding is important
to this whole class of materials and perhaps to other
linear chain molecular magnetic systems.
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