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Catena(dimethylammonium-bis(u,-chloro)-chlorocuprate), (CHs),NH,CuCls, forms chains of Cu,Cls?~ bifold dimers
linked along the structural chain axis by terminal chlorides forming long semicoordinate bonds to adjacent dimers.
The structural chains are separated by dimethylammonium ions that hydrogen bond to chloride ions of the dimers.
A structural phase transition below room temperature removes disorder in the hydrogen bonding, leaving adjacent
dimers along the chain structurally and magnetically inequivalent, with alternating ferromagnetic and antiferromagnetic
pairs. The coupled dimers are magnetically isolated from each other along the structural chain axis by the long
semicoordinate Cu—Cl bond. However, the dimers couple to like counterparts on adjacent chains via nonbonding
Cl---Cl contacts. The result is two independent magnetic chains, one an alternating antiferromagnetic chain and
the other an antiferromagnetic chain of ferromagnetically coupled copper dimers, which run perpendicular to the
structural chains. This magnetostructural analysis is used to fit unusual low-temperature (1.6 K) magnetization vs
field data that display a two-step saturation. The structural phase transition is identified with neutron scattering and
capacitance measurements, and the X-ray crystal structures are determined at room temperature and 84 K. The
results appear to resolve long-standing confusion about the origins of the magnetic behavior of this compound and
provide a compelling example of the importance of two-halide magnetic exchange.

Introduction attention of both experimentalists and theorists. Alkylam-

Molecule-based magnetism provides a platform to study Monium copper halides constitute one of the oldest and best-

a wide range of novel magnetic behavior drawing the Studied families of molecule-based magnets, providing
. multiple important examples of dimets? chainsé1°
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worthy but often overlooked lessons of copper halide of the magnetic specific heat had a form that is often
extended systems is the importance of magnetic exchangeobserved in low-dimensional systems. Assuming the dimers
via nonbonding halidehalide contacts, sometimes called were ferromagnetically coupled, the data were fit withSan
two-halide exchangeor super-superexchang®?® that can = 1 Heisenberg (chain) antiferromagnet model that yielded
lead to magnetic interactions that are equal to or strongeran interdimer coupling constadtks = —4.92 K28

than those mediated by covalent superexchange path- |n 1988, O'Brien et af. reported an unusual field
ways?®1719.2022.242The title compound provides an elegant gependence of the high-field (up to 30 T), low-temperature
example of how this overlooked interaction is responsible (T = 1.2 K) magnetization behavior that deviated signifi-

for otherwise confusing magnetic behavior.

The structure of (Ck).NH,CuCk was reported in 1966
and contains GiClg?~ dimers linked by pairs of semi-

cantly from that expected for a linear chain of antiferromag-
netically coupleds= 1 dimers. The prominent feature is an
apparent two-step saturation of the magnetization for which

coordinate Ct-Cl bonds to form linear chains separated by a plateau corresponding to half-saturation is reached near 5
the dimethylammonium ions. The metal ion coordination is T, but full saturation is not achieved until 15 T. Current

the folded 4+ 1 geometry common for copper(ll) ions.

interest in integer spin chains has led to renewed attention

Several studies of the magnetic and thermodynamic proper-for the low-temperature properties of (@eNH-CuCk, and

ties were subsequently reportetl-2° In the earliest study

this result has since been observed by other worKets,

of the low-temperature magnetic susceptibility, deviations jncluding the present study (vide infra).

from Curie—Weiss behavior were observed below 18 K

for a powder sample and attributed to antiferromagnetic temperatures

interactions. The low-temperature (+.28.6 K) specific heat
was investigated by Hurley and Gerstéirand after sub-

tracting the lattice contribution, the temperature dependence
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Several groups have now extended these studies to lower
including measurements down to the mil-
likelvin temperature range, and have expanded the probes
to include inelastic neutron scattering. For example, Ajiro
et al®! reported measurements of the low-field magnetic
susceptibility from 2 to 300 K, specific heat from 0.5 to
20 K, and high-magnetic-field magnetization versus field data
at temperatures between 0.5 and 4.22Kthis group had

the insight to realize that three different exchange pathways
are required to explain the available ddtand proposed
alternating ferromagnetically and antiferromagnetically coupled
dimers along the chain axis. In parallel, Stone and co-workers
studied the low-field magnetic susceptibility and specific heat
at low temperaturéwhile also performing inelastic neutron
scattering experimen#8.The data by Stone and co-workers
show significant one-dimensional coupling, although not
along the expected direction corresponding to the structural
chain axis, but rather perpendicular to it.

It is clear that the room-temperature crystal structure
consisting of a single chain of dimers cannot account for
the unusual magnetic behavior seen at low temperatures. We
therefore looked for evidence of a structural phase transition
below room temperature, which we now report. The transi-
tion is observed below room temperature with neutron
powder diffraction and confirmed near 287 K using capaci-
tance techniques. An X-ray crystallographic structure deter-
mination at 84 K identifies the low-temperature phase.
Apparent disorder in the cation network at high temperature
is removed in the low-temperature structure, leading to
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Dimethylammonium Trichlorocuprate(ll)

inequivalent dimers along the structural chain. Adjacent Table 1. Crystal Data and Structure Refinement Parameters

chains are coupled through nonbonding chlofideloride empirical formula  GH1ClsCsN> CaH16CleCN,
contacts, and although each structural chain is identical, the fw 431.97 431.97
interchain coupling alternates between the two different types I%) 39741((2))73 %4%)073
of dimer. These chloridechloride contacts mediate antifer-  cryst syst monoclinic triclinic
romagnetic exchange, and the result is two different magnetic SPace group C2/c P1
chains that run perpendicular to the structural chain. The g(A) é7é‘2‘g(51()2) g'gzg((f))
abundant magnetic data can now be interpreted in terms of ¢ (&) 1'1,973(2) 1'0,487(2)
this low-temperature structure that provides a clear example a(deg) 90 73.46(2)
of how nonbonding halidehalide contacts can be the critical ﬂgdggg 335'411(2) 6‘18'7%%1((77))
interaction that dictates magnetic behavior. V(A3 1468.4(3) 708.2(2)
z
Experimental Details Peaicd (Mg/m?) 1.954 2.026
u(mm?) 3.956 4,101
Sample Preparation.Catena(dimethylammonium-his¢chloro)- F(000) 428 428

chlorocuprate), (Ck),NH,CuCk, commonly referred to as DMA- independent refins  205®(int) = 0.0223] ~ 8011 R(int) = 0.0000]
CuCk, was formed by the slow evaporation of a 1:1 solution of ~Max/min.transm  0.727/0.429 0.754/0.461

. ) GOF 1.039 1.056
CuChk:2H,O and (CH):NHCI in methanol over a period of R12[I > 20(1)] 0.0353 0.0331
~2 weeks. Single-crystal samples with a mass of 50 mg, as well wR2[l > 2u(1)] 0.0917 0.1201

as several grams of powder, were synthesized. Deuterated single
crystalline and powder samples were prepared in a similar manner
by starting with (CR),NH,Cl and CuC}-2D,0 in deuterated

methanol, where the remaining ammonium protons exchange with
the deuterated solvent. For both types of samples, the resultant temperature [CCDC 299849] and low-temperature [CCDC 299850]

specimens appear reddish brown in color, and single crystal samples ms. . . ) . .
have a flat irregular shape that is roughly rectangular. Neutron Scattering Studies.Neutron powder diffraction experi-

X-ray Diffraction. A suitable crystal was attached to a glass ments were performed at the Oak Rid_g'e National Laborz_itory High
fiber. Data were collected at 295(2) K for room-temperature data F1uX 1sotope Reactor (HFIR) and utilized the HB-3 triple axis
and 84(2) K in a nitrogen stredfrusing a Bruker/Siemens SMART ~ SPectrometer and a wavelengtiviot 1.77874 A. The sample was
APEX instrument (Mo K radiation, 4 = 0.71073 A) equipped _~1 g of_ randomly arranged, deuterated microcrystals and was held
with a Cryocool Neverlce low-temperature device. Data were in alum.lnum foil anchored to a support that also served as a thermal
measured using scans of 0.3 per frame for 5 and 10 s, and a  '€S€VoIr. Tem_perature cont_rol between 19 K and room tem.perature
full sphere of data was collected. A total of 2132 frames was Was accomplished by varying the pumping speed on an in-house
collected with a final resolution of 0.83 A. The first 50 frames He cryogenic system.
were recollected at the end of data collection to monitor for decay. ~ Capacitance MeasurementsSimple parallel plate capacitance
Cell parameters were retrieved using SMARoftware and refined ~ Measurements were made using nominally 32 mg samples that were
using SAINTPIug on all observed reflections. Data reduction and Placed between the two parallel plates. The sample cell was
correction for Lp and decay were performed using the SAINTPIus designed for use with a homemade cryogenic probe capable of
software. The data collected at 84 K were rotationally twinned and operating between 1.5 and 300 K. Standard null-detection bridge
were deconvoluted using CELL_NOWgiving a two-component ~ and low-frequency (1353 Hz) lock-in amplifier techniques were
twin with a 179.8 rotation about the reciprocal axis 1.000, 0.501, Uused. Liquid nitrogen or helium was used to cool to the lowest
0.505, and a twinning ratio of 0.519(1). The matrix used to relate temperature, and data were acquired while slowly warming.

3R1= 3 ||Fo| — IFcll/Z|Fol. PWR2 = YW||Fo|2 — |Fe|? [/ZW]|Fo|2

deposited in the Cambridge Data Base for both the room-

both orientations is Vibrating Sample Magnetometer.High field (0 < H <30 T)
0.953, 0.022, 0.071, magnetization experiments were performed at the National High
0.978,—0.989, 0.039, Magnetic Field Laboratory (NHMFL) in Tallahassee. These mea-
0.987, 0.007—0.964. surements used a 30 T, 33 mm bore resistive magnet and a vibrating

Absorption corrections were applied using SADABS (295 K sample magnetometer (VSM). The samples consisted of randomly
data) and TWINABS (84 K datdf. The structures were solved by  oriented microcrystals that were packed into a gelcap that was held
direct methods and refined by least squaresF8nusing the in place at the end of a fiberglass rod with Kapton tape. The VSM
SHELXTL program packag#. All non-hydrogen atoms were  Used a pair of counter wound pick-up coils (3500 turns/each, AWG
refined anisotropically. No decomposition was observed during data 50). The sample was vibrated at 82 Hz. Absolute signal calibration
collection. Details of the data collection and refinement are given Was not necessary during our measurements because we were able
in Table 1. Further details are provided in the Supporting Informa- to reach saturation magnetization. In addition, at saturation, we were
tion. Crystallographic data in the form of CIF files have been also able to measure and subtract a small linear correction with
negative slope that corresponds to the diamagnetic contribution from

(36) Hope, H.Prog Inorg. Chem1994 33, 1. the gelcap, as well as the diamagnetism from the sample. The VSM

(37) SMART: Bruker Molecular Analysis Toal5.626 Bruker AXS: has a resolution of 16 emu and a maximum signal 6f10* emu.

(38) gﬁ?\llﬁ'oPr}h::wbg?;%eduction and Correction Prograr.36a Bruker The I_argest sample signal was a_t least an_order of magnitude be_Iow
AXS: Madison, WI, 2001. this limit at 30 T, so the VSM pick-up coil response remained in

(39) Sheldrick, G. MCELL_NOW Bruker AXS: Madison, WI, 2002. the linear regime. The sample signal was greater than the minimum

(40) Sﬂggﬁ; fonBTruWkle’\:A,g(SS A'\‘/rl‘a('i?opr:”%: é%%%rpt'on Correction  gignal resolution of 16 emu at a magnetic field of1 T.

(41) Sheldrick, G. MSHELXTL: Structure Determination Software Suite 1 €Mperature control was achieved by varying the pumping speed
.6.1Q Bruker-AXS: Madison, WI, 2001. of a“He bath.
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Figure 1. Intensities of the powder diffraction experiment are shown as
a function of 2 and temperature. When cooling from 300 to 250 K, the
peaks near Zland 33 split. Additional changes are observed between
100 and 150 K, but no additional evolution of the spectra was observed
between 11 and 50 K. The sample consisted of 1.1 g of randomly oriented
deuterated microcrystals. Complete scans up&e=280° are included in

the Supporting Information.

Results and Discussion

Strgctural Phase Transi_tion.The structural transitiop is Figure 3. llustration of the CeCl~ dimer chains in (8) the high-
§een In powder neutron diffraction. Figure 1 shows diffrac- te%perat-ure phase and (b) the Iow—tiamperature phase. The semi—cgordinate
tion patterns from~1.1 g of deuterated DMACugpowder. bonds are shown as open dashed lines. Symmetry codes: %ay# 1 —

The data obtained at 300 K could be indexed to the publishedy.l =z B = —xy, %2 =z C=x1-y ~H+zD=x1-y Y+
room-temperature structure. The structural change is observed =~ 1 7Y 7% ®A=2-x-y2-zB=2-x1-y1-
when cooling from 300 to 250 K, as the peaks ne@r=2 '

21° and 33 split. The data are consistent with lowering of upon cooling and at 288.8 K upon warming, the hysteresis
the symmetry from a monoclinic space grolga, to the is a signature of a cooperative event that is coupled to the
triclinic space grougPl (vide infra), although the detailed lattice. The location of the transition was reproducible in
crystal structure of the low-temperature phase could not be subsequent thermal cycles, but the signatures became weaker
resolved from the neutron data. The absence of additionalwith successive measurements.

intensity in any Bragg peaks as a function of temperature to  Structure Descriptions. The results of the X-ray structure

T = 11 K indicates no evidence of long-range magnetic determination are shown in Figures-8, which display the
order. The additional peaks are only consistent with the differences between the room-temperature (300 K) and low-
structural transition and not magnetic order. temperature (84 K) structuré¥The structures of both phases

Low-frequency (1353 Hz) capacitance measurements werecontain kinked chains of GClg>~ dimers. The most obvious
used to identify the transition temperature. Data from a difference between the structures of the two phases (Figure
powder sample sandwiched between parallel plates are shown
in Figure 2. Changes in capacitance reflect changes in the(43) The structure of the centered monoclinic lattice of the room temperature

. . . .. was solved in the convention@R/c space group setting, in contrast
dielectric constant, and the measurement provides a sensitive g thel2/a setting in the original structure rep&r{but in agreement
probe of solid-state structural chandé3he deviation from with a later determination (Eckardt, K., Svoboda, I., PabstZ.I.
the room-temperature capacitance shows cusps at 286.2 K |yioia oo intico 21 o101 001 0 tr(';](_f?rb;"?éev_

temperature phase was solved in the triclinic space gRilipThe
(42) Hall, 3. W.; Marsh, W. E.; Weller, R. R.; Hatfield, W. Eiorg. Chem. transformation from the triclinic lattice to th@-centered monoclinic
1981 20, 1033. lattice is given by the matrix [1;-2, 0; -1, O, O; 0, 1,—1].

7692 Inorganic Chemistry, Vol. 45, No. 19, 2006
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Figure 4. |lllustration of hydrogen bonding in (a) the high-temperature

phase and (b) the low-temperature phase, showing the differences in

orientation of the DMA cations in the two phases. Primary hydrogen bonds

are shown as dashed lines, secondaryH\--Cl interactions by the dotted Figure 6. |lllustration of Ck--Cl contacts between dimers (a) the high-
lines. Chlorine atoms from adjacent chains are shown as open ellipsoids.temperature phase and (b) the low-temperature phase. In the high-

Symmetry codes: (@) AB=—x,y2—zD=-x2-y,1-zF= temperature phase, the-€Cl contacts linking the dimers are equivalent.
2=y ~+z(b)A=2-x-y,2-zB=2-x1-y1-zCldD In the low-temperature phase, the @Cl contacts between type 1 dimers
=2-%X-y,1-zClD=1-x,1-y,1—z differ from the contacts between type 2 dimers. This arrangement leads to

possible exchange interactions within the structural chain, lalde)dg, Js
and between structural chaird, and Jg.

3) and (b) tying the chains together into a layer structure
(Figure 5). The phase transition induces two particularly
significant changes in the structure. First, the low-temperature
dimer chains contain alternating pairs of inequivalent dimers,
in contrast to the uniform dimer chains in the room-
temperature phase. Second, the intralayer-Cl contacts
between chains reflect this change in chain structures, with
the low-temperature phase showing two distinct types of
Cl---Cl contacts (Figure 6). These structural differences are
crucial to the understanding of the low-temperature magnetic
properties of the system.

Structural Chains. Dimers in the chains of both com-
pounds are linked by pairs of semi-coordinate 30l bonds
to yield the common folded 4- 1 coordination geometry
for five-coordinate copper ions. The basic features of the
chain structure are very similar in the two phases, as seen
by the illustrations in Figure 3. The chains in both phases
are composed of centrosymmetric Cl>~ dimers linked
by pairs of semi-coordinate GuCl bonds. Nevertheless,
significant differences are seen. In the room-temperature
phase, adjacent dimers are relateddagymmetry operations
Figure 5. lllustration of the packing of the hydrogen-bonded layers of and all dimers (and chains) are structurally equivalent. These
dimer chains. (a) room temperature (b) low temperature. Hydrogen bonds C, symmetry elements are lost in the Iow-temperature phase,
are shown as dashed lines. . . . . .
and the chains contain alternating pairs of centrosymmetric
4) is the mode of hydrogen bonding between the DMA dimers. The dimers themselves show the so-called bifold or
cations and the dimer chains, which induces changes bothsedia conformation, where the nonbridging terminal chloride
within and between the chains. The hydrogen-bonding ions are displaced out of the plane of the other atoms in the
interactions play two significant roles in the structures: (a) dimer, as illustrated in Scheme 1. The exchange coupling
influencing the geometrical nature of the dimer chains (Figure within the dimer structure has been shown to depend crucially

Inorganic Chemistry, Vol. 45, No. 19, 2006 7693
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Scheme 1 the low-temperature structure lead to the formation of two
Ja different Ck--Cl contact chains: chain 1 forms from type 1
31\0.\0.\0‘\0 Chain 1 dimers, and chain 2 forms from type 2 dimers. The contact
Js distances in the two types of chains differ k0.1 A, a
?2\.‘\.‘\..\. Chain 2 difference that should be reflected in the exchange coupling
via those two pathways.
on the value of the bifold angle,***From the data in Table Magnetic Exchange PathwaysThe possible magnetic

2, it is seen that dimeR of the low-temperature phase €xchange pathways in the low-temperature structure include
(containing Cu2) has close to the same geometry as the dimefntradimer and interdimer coupling via halide bridges along
of the room-temperature phase, with a small decrease in thethe structural chainc(axis) and interdimer interactions
bifold angle observed. The bifold angle is even smaller for perpendicular to the chain (along taeaxis) mediated by
dimer 1 (which contains Cul), indicating a conformation chloride-chloride contacts. The different €«Cu exchange
closer to planarity. The central @i, bridging geometry is interactions are labeled in Figure 6b, for which constdnts
essentially the same for all of the dimers, with only the €u1  and J, correspond to the intradimer C#Cul and Cu2
CI2A distance showing an unexpected shortening in the low- Cu2 exchange along the axis, andJ; corresponds to
temperature phase. Another major change that occurs beinterdimer Cut-Cu2 exchange along this axis via the
tween the two phases in the chain structures is in the naturechloride that makes the semicoordinate bond. Exchange
of the semi-coordinate linkages. With the loss of the 2-fold constantJa corresponds to coupling between Cul dimers
rotation axes, two distinct GuCl semi-coordinate bonds  along thea axis, and the analogous interaction between Cu2

link adjacent dimers, one shorter that that observed in the dimers isJs. Depending on the signs and relative strengths
room-temperature phase and one longer. of these interactions, the possible behaviors range from

Hydrogen Bonding Interactions. Pairs of cations are isolated dimers to a two-dimensional |ayered netWOfk, with

hydrogen bonded to the ChainS, as illustrated in Figure 4. pOSSibilitieS between these limits that include linear chains
This induces the kinks that are observed in the chains. The@long either thea or ¢ directions. The possibilities can be
various hydrogen-bonding contacts are tabulated in Tablelimited by examining the structure and correlating the
3. In the room-temperature phase, the pair of cations is relateddridging geometries with other characterized examples to
by aC, axis, and each one has its major hydrogen-bonding obtain educated guesses about the sign and magnitude of
interactions with terminal chloride ions on adjacent dimers the different exchange constants.
(labeled Cl1 and CI1B in Figure 4a), with weaker interactions ~ The geometry of the bifold dimers determines the sign
with chloride ions on adjacent chains (CI1D and CI1F in and magnitude of intradimer excharfg€.The u-chloride
Figure 4a). In the low-temperature phases, the loss of thebridging angles in the two low-temperature dimers are
C, axis leads to two independent cations. Both cations are Similar, 95.72 for Cul-CI2—CulA and 95.41 for Cu2-
rotated so as to have their strongest hydrogen-bondingCl6—Cu2A. These bridging angles fall within a very narrow
interactions with the same terminal chloride ion (labeled CI1 range (95.3-95.8) observed in a series of @lg*~ dimers
in Figure 4b) and with a chloride from an adjacent chain for which Willett and co-workers* correlated the sign and
(Cl4D and CI5D, respectively). In the room-temperature magnitude of the intradimer exchange constant with the
phase, there is evidence of disorder in the hydrogen-bondingpifold angle,o. In this series, exchange constants range from
interactions, based on the shape of the thermal displacemenferromagneticJ/K = 30 K for (4-benzylpiperidinium)CuGl
ellipsoids for N1 and Cl1. Comparison with Figure 4b would (0 = 28.7) to antiferromagnetic,JJK = —28 K for
clearly suggest that the cations in the room-temperature phasémelaminium)CuClg (o = 7.6°). Antiferromagnetic coupling
are disordered (certainly dynamically) over the two inde- increases as the bifold angle decreases. Following this
pendent hydrogen-bonding arrangements present in the low-correlation, the value of Culg = 19.6 indicates this
temperature phase. interaction should be antiferromagnetic and can be estimated
Interchain Contacts. The effect of these hydrogen- to be on the order od/K = —10 K. On the other hand, the
bonding interactions is to link the chains together into a observed bifold angle in the dimer of Cu2= 21.7 suggests
sheetlike structure, as shown in Figure 5. This forces short @ Weak ferromagnetic exchange, although close to the value
Cl---Cl contacts between the chains, as documented in TableWhere the exchange coupling crosses over from antiferro-
3. It is the exchange coupling through these nonbonded Magnetic to ferromagnetic.
contacts that are crucial to the understanding of the magnetic The interdimer interactionJs, is via the long semi-
behavior of this system. These contacts are shown in Figurecoordinate bond and can be assumed to be near zero. In past
6 for the two phases, with the shortest contacts shown asanalyses of the magnetic properties of several Cu halide
dashed lines and longer contacts represented by dotted linesdimers, modest magnetic exchange interactions were gener-
In both phases, all chains are structurally equivalent and, inally associated with these semi-coordinate bonds between

addition, adjacent chains in the layers are translationally dimers. However, it is more likely that they should be have
equiva|ent' In the room_temperature phase, a”..(:ﬂ been attributed to hal|d‘d1al|de contacts (V|de |nfra).

contacts are equivalent. However, the distortions present inFortunately, systems with similar types of semi-coordinate
linkages have been studied in which no hatitkalide
(44) Scott, B.; Willett, R. DInorg. Chim. Actal98§ 141, 193. contacts exist. The complex @e,N);CwCl; contains
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Table 2. Pertinent Distances (A) and Angles (deg)

RT phase LT phase dimer 1 Lt phase- dimer 2
Cul-Cl1 2.2553(9) CuiCl1 2.2391(10) Cu2CI5 2.2574(9)
Cul-Cl2 2.3056(8) CutCI2 2.3151(9) Cu2Clé 2.3123(10)
Cul-CI2A 2.3169(7) CutCI2A 2.2785(10) Cu2Cléc 2.3278(9)
Cul-CI3 2.2753(7) CutCI3 2.2818(9) CuzCl4 2.2962(9)
Cul:---CI3B 2.7035(9) Cu#-Cl4 2.7524(9) Cu2-ClI3 2.5931(9)
dcinp 0.89 d(cl1) 0.78 d(clIs) 0.84
Cl1—-Cul-CI2 155.47(4) Cl+-Cul-CI2A 158.97(3) CI5-Cu2-Cl6 155.59(3)
CI3—Cul-CI2A 176.47(3) Cl2-Cul-CI3 176.89(3) Cl4-Cu2-CleC 174.94(3)
Cul-CI2—CulA 95.49(3) CutCl2—Cula 95.72(3) Cu2CI6—Cu2A 95.41(3)
Cul:--CI3B—Culp 89.75(3) Cui:-Cl4—Cu2 88.11(3) Cu2-Cl3—Cul 92.42(3)
o 22.8 o 19.6 o 21.7
Cl1---CI1E 3.817 Cl1--Cl1D 3.726 CI5--CI5B 3.827
Cul-Cl1---CI1E 118.8 CutCI1---CI1D 119.2 Cuz-CI1---CI1B 114.4
Cl1---CI2D 4.255 Clt--CI2E 4.182 CI5--Cle6D 4.109
Cul-Cl1---CI2D 164.1 Cut-ClI1---CI2E 166.6 Cu2-ClI5---Cl6D 158.2
CulD-CI2D---Cl1 156.4 CulECI2E---CI1 149.6 Cu2B-CI6D---CI5 159.8

a See figures for atom labeling.The distance of the named atom from the plane of the central bibridggelQunit of the dimer. CulB is the copper
atom in the adjacent dimer bonded to CI38he dihedral angle between the central bibridgedGuunit and the terminal Cuglgroup.

Table 3. Hydrogen Bonding Parameters orbitals on adjacent dimers is expected to be small, leading
atoms N-CI(R) H--Cl(R) N—H--Cl (deg) to small values for the exchange coupling.

RT Phase The low-temperature magnetic properties, discussed further
m*:iggg 32% g-gig g{i-g below, are not adequately explained on the basis of the
N1—H1E-CI1B 3254 5435 1514 structura! chain of alternating dimers. Addmonal |r!ter_act|ons
N1—H1E:--CI1F* 3.576 3.035 120.4 are required. Recent neutron scattering results indicate the

LT Phase presence of one-dimensional coupling in the direction
“iﬁ*ﬁllgﬁ"glsm* 3;212% 22-%8877 133-8 perpendicular to the structural ch@min this direction,
NLA—H1EA-CI1 3204 5432 1415 o_nly nonbonding chIondechIonQe contac_ts I|nI§ adjacent
N1A-H1EA--Cl4 3.444 2.916 118.0 dimers. Nonetheless, nonbonding chloriaéloride con-
N1A-H1EA--CIS 3.150 2.675 112.9 tacts can provide an important magnetic exchange path-
N2~ H2DA---CISD" 3.203 2438 1406 way 35:12.1720.22.2325H3ide—halide contacts (two-halide ex-
N2—H2DA:+-CI5 3.261 2.703 119.9 Y _ i i
N2—H2EA:--Cl1 3.193 2.317 148.7 change) were shown to be responsible for interlayer anti-
N2—HZEA--CI3 3.561 2.875 132.4 ferromagnetic exchange in some members of the family of
N2—H2EA--Cl5 3.261 2.945 101.9

layered compounds, BNI(CH,),.NH3]CuCl, and [HsN(CHy).-
aRefer to Figure 4 for the labeling scheme. The parameters for the weaker NHg]CuBr4.17‘2° The important interlayer metric was shown
interactions (shown as dotted lines in Figure 2) are italicized. to be the halide halide distance. not the distance between

ferromagnetically coupled tetramers joined by semi-coordi- Metal ionst® Furthermore, two-halide exchange via- 8Br

nate linkages similar to the ones in DMACuQWith J'/k = contacts is observed to be stronger than through-Cll
—2.5 K and (EtMeN),CusCli4 has a similar structure of ~ contacts®?® Such contacts have now been observed to
ferromagnetically coupled pentamers witfk = —1.5 K 46 influence magnetic properties in other systems, and the

The salt (HPy)[CusClg](H20) contains chains of trimers, importance of this interaction is the subject of a recent
now where the exchange through the semi-coordinate linkagereview?

has a value off/k = +1.9 K4 In KCuCl; and TICuC}, Many variables can influence the sign and strength of
neutron scattering experiments have shown the semi-magnetic exchange through two-halide bridégfedowever,
coordinate linkages have an exchange coupling28 K8 it is qualitatively accepted that, for similar metal coordination

Thus, experimentally, these semi-coordinate linkages havegeometries, the strength of the magnetic exchange via

either ferro- or antiferromagnetic exchange coupling with nonbonded CuX---X—Cu pathways should increase as the

exchange constant values near zero. This is not unexpectedCu—X-+-X angle becomes larger and as the X distance

since the magnetic electrons lie in MOs that are composedbecomes shorté23 In fact, an exponential dependence of

of the de-y orbitals on Cu ions and,porbitals on Clions  haloger-halogen distance on exchange constant has previ-

that lie in the plane of the dimer. Since the planes of adjacentously been note#f:2

dimers are essentially parallel, the overlap of the magnetic The two-halide bridges that link the two types of dimers

(45) Fuji Y- Wang, Z.: Willett, R. D Zhang, W.- Landee, C. org. mto_chalns are dlfferept. The €ICI distance of chain 1
Chem.1995 34, 2870. (linking dimers of Cul) is 3.726 A, and the ECI--Cl angle

(46) Bond, M. R; Willett, R. D.; Rubenacker, G. Yhorg. Chem.1990Q is 119, whereas the analogous distance and angle for chain
29, 2713. A . . :

(47) Bhattacharya, R.; Ghosh, A.; Ray, M. S.; Righi, L.; Bocell, G.; 2 are 3.827 A and 1T4respectively. Both interactions are
ghaudhléri, S, Vé/illi_tt, Rj I?.; Clegﬁnteé%%%nhgsg/l.; Coronado, E.; antiferromagnetic, but the shorter distance and larger angle

omez-Garcia, C. ur. J. Inorg. em . H H H : :

(48) Matsumoto, M.; Normand, B.; Rice, T. M.; Sigrist, i@hys. Re. B Er|the two-halide bridge of chain 1 indicates thai| >

2004 69. Bl.
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WofF T T I and the Hamiltonian of chain 2 is

08 , N/2 N2 -1 N

----- Hy==J > $..5 —J S$iSii1t+ augB Y S (2)

" 0.6

M/M

0.4 whereg is the Lande factorygs is the Bohr magneton, and

B is the external magnetic field. In the limit that thedimers

P— ] are strongly ferromagnetically coupled to form effectse

0.0 b AT = 1 spins, then chain 2 becomes a Haldane éh&tmhose

0 5 10 15 20 25 30 finite temperature magnetization has been studied numeri-
B(T) cally 5455

Fure 7. Magnetaston of s 2008 g savle of adomly o1 1, cocuiatet (B, T = 1.59 K for each chin, exac
is normalized to the saturation magnetization. A small diamagnetic linear diagonalization methods were employed o= 123056 The
dependence was subtracted from the dafa= —1.196x 10~ emu/mol. measured) value is anisotropic, and an averagegof 2.1
At 1.59 K, the magnetization has two distinct first derivative changes at . . .
approximately 3 and 16 T, with approximately linear behavior between those was used in the calculatiofiThe results of the calculation
points. are shown in Figure 7, whetk = —10 K, J, = -8 K, J;
= 18 K, andJg = —2.5 K. In other words,J;, is the only

Following this structural analysis, a magnetic model for ferromagnetic interaction while the remaining couplings are
DMACuCI; can be proposed that consists of two independent antiferromagnetic. Of course, the magneto-structural con-
chains that run along the axis, Scheme 1. Chain 1, sjderations allow us to assign specific valueslit@nd Jg;
CompriSEd of Cul ions, is an alternating chain with two however, the values assigned\lpandJA are not unique|y
exchange constantsh and Ja. Both values are likely  determined, i.e., they could be interchanged without altering
antiferromagnetic. Chain 2 can be described as ferromag-the results of the numerical work. The calculation reasonably
netically coupled Cu2 ions linked weakly by the antiferro- reproduces the trends of the data, and deviations from the
magnetic interactionJs. This model is consistent with it gccur when anyJ parameter, excepd,, varies by
previously published magnetic observations that include at gpproximately-1 K. The fit is less sensitive to the magnitude
least one ferromagnetic dimer interactiéh and low-  f 3, On the other hand, the data cannot be fit by different
dimensional antiferromagnetic exchange evident at low chpjces of the signs of the interactions. The calculated
temperaturé"?'The two-chai.n model is also consistent with response reasonably reproduces the experimental data,
the observations of Yoshida et @lthat more than two  gemonstrating the plausibility of the two independent chain
exchange interactions are required and th_e neutr_on sca_ltteringnode| for the system. The calculation suggests the presence
results of Ston& and co-workers that quasi one-dimensional ¢ aqditional features that are not resolved in our data but
coupling propagates in the direction of the-&l-+-Cl—Cu may be evident the lower-temperature data of Inagaki &t al.
contacts. Measurement of the magnetic response of oriented crystals

High-Field Magnetization. To illustrate the plausibility  jngtead of the random arrangement used in our measurement
of this analysis, we applied the two-chain model of Scheme (.4 e helpful in this regard. Furthermore, a complete

1 to the unusual low-temperature magnetization vs field 4ol should include a finite interchain couplirdg, which

beha;/ior<DMACqu. The results of our own high-field 05 maply drives the transition to long-range order that was
(0T < H < 30 T) magnetization studies are shown in Figure observed below 1 KR!

7. At 1.59 K, the magnetization has two distinct first ltis | tant to st that. due to th tricted Spin si
derivative changes near 3 and 16 T, with approximately linear 'S Important fo stress that, due to e restricted spin size
of N = 12, the exact diagonalization of the proposed

behavior between those points (see inset of Figure 7). This|_| iitoni 1and 2 i ¢ ted t i

behavior is not particular to this sample, and the kink at dafml.t.omanls, e?S h and 2, 'f no hexptehcet 0 pr?w €

3.2 T was observed in studies performed o tT while at efiniive values for the parameters when the iemperature 1s
less than anyl value®® Furthermore, the set of parameter

2 K30 QOur results are strikingly similar to the data report by , i ) e
O'Brien and co-workersand are consistent with the results 2lU€s are not uniquely determined by simple fitting of the
data. For example, iJ;, Ja, andJ; are assumed to be zero,

obtain by Inagaki and co-workers at different tempera- . e ) , . ]
tures32.33 i.e., the spins in chain 1 behave as noninteracting free spins,
From the magneto-structural considerations of the low-
(49) Lynden-Bell, R. M.; McConnell, H. MJ. Chem. Physl962 37, 794.
temperature pha_se, the system can be_mo_(_JIeIed _a§two, (50) Duffy, W., Jr.. Bar, K. PPhys. Re. 1968 165 165,
1/2 magnetic chains that are noninteractinds is negligible. (51) Bonner, J. C.; Friedberg, S. A.; Kobayashi, H.; Meier, D. L.; Blote,

Specifically, the Hamiltonian of chain 1 is H. W. J.Phys. Re. B 1983 27, 248.
(52) Affleck, I. J. Phys. Condens. Matté989 1, 3047.

(53) Yamashita, M.; Ishii, T.; Matsuzaka, K.oord. Chem. Re 200Q

o
=3
&

d(MM)/dB (T ™)

o
8

0.2

N/2 N/2—1 N 198 347.
H,=-J .S, —J S. ..+ B s (1 (54) Yamamoto, S.; Miyashita, ¥hys. Re. B 1995 51, 3649.
! ! & SZ' 182' A = SZ'%'H Ys & ! ( ) (55) Delica, T.; Kopinga, K.; Leschke, H.; Mon, K. KEurophys. Lett.
1991, 15, 55.
L . . (56) Weller, R. Ph.D. Thesis, University of North Carolina, Chapel Hill,
which is often referred to as an alternating bond cH&if, NC, 1980.
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then a fit similar to the one shown in Figure 7 is obtained two different magnetic chains. Importantly, magnetic ex-
for antiferromagnetid, andJg values3® On the basis of our  change via the nonbonding chorigehloride contacts are
magneto-structural arguments, we consider this alternativecritical for interpreting the magnetic data. The finite tem-
microscopic description to be unphysical. In fact, preliminary perature magnetization arising from two magnetic spin chains
analysis of inelastic neutron scattering resfisiggests that  can reproduce the magnetization vs field data, demonstrating
Jo is ferromagneticJg is antiferromagnetic, and the ratio the plausibility of the model. This description is consistent
[Jsl/|J2] ~ 0.9, while the remaining possiblecouplings are  with recent inelastic neutron scattering experiméhts.
potentially negligibly small. In this limit, our numerical fitting
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