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Energy splittings resulting from anisotropy and exchange interactions in the dimer of single-molecule magnets
[Mn4O3Cl4(O,CEt)3(py)s]o-8MeCN are determined for both an undeuterated and a partially deuterated sample using
inelastic neutron scattering. The antiferromagnetic (AF) exchange coupling between the two Mn, subunits strongly
depends on their separation. The Cl---Cl distance between the two subunits can be modified either by exchanging
the solvent of crystallization or by deuteration of the C—H---Cl hydrogen bonds. The exchange of acetonitrile for
n-hexane leads to a five times greater shortening of the Cl---Cl separation than does full deuteration of all the
hydrogen bonds. As a result, the AF exchange coupling constants between the subunits are 0.0073(4) and 0.0103-
(9) meV in the samples with acetonitrile and n-hexane solvent molecules, respectively, in the crystal structure. On
the other hand, the effect of C—H---Cl deuteration on the AF exchange coupling is not detectable within the
experimental accuracy of INS.

Introduction at liquid helium temperatures, and this has naturally raised
hopes of technological applicatiohsAlthough the SMM
phenomena were first discovered about 15 yearSagthjs
research has thus far not led to any technological break-
throughs. The phenomenon is reasonably well understood
by now, and dozens of new spin clusters exhibiting SMM
behavior at liquid helium temperatures have been re-
ported3>8-11 One of the main problems is that the so-called

Single-molecule magnets (SMMs) are a class of inorganic
compounds that continue to attract a great deal of scientific
attentiont They are exchange-coupled polynuclear complexes
of transition metal ions exhibiting phenomena such as slow
relaxation and quantum tunneling of the magnetization
(QTM) at very low temperature’s® Potentially, a single bit
of information can be stored magnetically on such molecules
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blocking temperatureTg), below which information could
be stored magnetically, is still extremely low. Mracetate,
the first reported SMM, still has the higheRg, of the order
of about 3 K&

It is no wonder that many scientists are exploring new
avenues to create systems exhibiting SMM phenoniela.
One of these has led to the discovery of a new type of
hysteresis in the title compourd.[Mn4O3Cl4(O,CEt)-
(py)s]2:8MeCN, or (Mny), in short, consists of two identical
Mn, clusters joined by weak €H---Cl hydrogen bond$
(Figure 1). A whole family of Mg clusters with the formula
[Mn4O3(OACc)sX(dbm)s] (X varies; F, Cl, Br, OAc, or OSi-
(CHs)3) have been reported and characterized as SMMs
below 2 K8914The (Mny), dimer still shows slow relaxation
and QTM at these low temperatures, but efficient QTM does
not occur at the same magnetic fields as for the uncoupled
Mn4 molecules. In particular, there is no tunneling at zero
magnetic field? in contrast to all other SMMs. This
deviation can be readily explained by weak antiferromagnetic
(AF) exchange interactions between the twosMuobunits,
mediated by the €H---Cl hydrogen bonds and the close
Cl-+-Cl approach of 3.878 A215

The strength of this AF exchange coupling has been
quantified from low-temperature magnétiand EPR mea-
surementd® The present study had two objectives: to

accurately determine the exchange splittings and thus the

Sieber et al.

Figure 1. Structure of [MnOsClsy(O2CEt)s(py)s]2. The two My subunits

are held together by six-€H---Cl hydrogen bonds (dotted lines). The weak
antiferromagnetic exchange coupling between the two subunits is mediated
by these hydrogen bonds and the close-Cl approach (dashed lines).

which had been successfully employed to accurately deter-
mine the anisotropy parameters in the ground state of several
Mn, SMM clusterst

exchange parameter and to quantify the effect of deuteration

of the hydrogen bonds on the coupling strength. The method
used was high-resolution inelastic neutron scattering (INS),
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Experimental Section

INS experiments were performed on IRIS at the ISIS Facility,
CCLRC Rutherford Appleton Laboratory in Chilton, UK, and on
IN5 at the Institut Laue-Langevin (ILL) in Grenoble, France. Spectra
were acquired in the temperature range of-126 K on 4.4 g of
an undeuterated ([M®sCl4(O.CEt)(py)s]»8MeCN) and a partially
deuterated ([MgOsCly(O,CEt)(py-ds)s]»8MeCN) microcrystalline
sample of (Mn), sealed in an annular-shaped aluminum cylinder
with dimensions ofty, = 20 mm, do,t = 24 mm, anch = 50 mm
(IRIS) anddj, = 9 mm, do,t = 15 mm, anch = 50 mm (IN5). On
IRIS, the spectra of both, the partially deuterated and undeuterated
compounds, were recorded using a pyrolytic graphite (PG002)
analyzer with a final wavelength df = 6.6 A (FWHM = 17.5
ueV at zero energy transfer) in the energy-transfer range 03
to 1.2 meV. The accessib@ range was 0.4 to 1.6 &. The time-
of-flight to energy conversion and reduction of IRIS data were done
with the ISIS Facility analysis packages IDA and MSLIEE he
IN5 data were measured on an undeuterated sample with an incident
wavelength ofl; = 7.0 A corresponding to a FWHM: 31 ueV at
zero energy transfer. The energy transfer range w@® to 1.1
meV with an accessibl® range from 0.2 to 1.6 AL The time-
of-flight to energy conversion and the data reduction employed the
standard program INX (ILL). The data were corrected for detector
efficiency by means of a spectrum of vanadium metal. In both
experiments, the data correspond to the sum of all available
detectors. Further data treatment included subtraction of the
background by approximating it with a suitable analytical function.

For both experiments, the samples were freshly prepared
according to ref 11 and were checked by X-ray powder diffraction,

(16) Adams, M. A.; Howells, W. S.; Telling, M. T. Fhe IRIS User Guide
2nd ed.; Technical Report RAL-TR-2001-002; Rutherford Appleton
Laboratory: Oxfordshire, U.K., 2001.
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Figure 2. INS spectra at 1.5, 3.2, and 19.2 K of a partially deuterated ]
polycrystalline sample of (Mg), recorded on IRIS with a final wavelength ~ Figure 4. INS spectra at 6.1 and 19.4 K of an undeuterated polycrystalline

i = 6.6 A. The spectra correspond to the sum of all scattering angles. The sample of (Ma), recorded on IN5 with an initial wavelength = 7.0
after background subtraction: (a) energy gain side and (b) energy loss side.

solid line represents the background.

The labeling of the peaks corresponds to that in Figure 5. The solid lines
represent the simulated spectra with the following paramet&s=
—0.0629(5) meV,B,L = —6.8(4) x 10°® meV, J = 0.0073(4) meV,
FWHM = 0.031 meV (loss side), and FWHM 0.05 meV (gain side).

Energy Transfer [meV]

the high hydrogen content of the sample. At elevated
temperatures, the intensity of the cold peak (I) decreases,
3 and several partially resolved hot peaks at lower energies
are observed. Peak | broadens with increasing temperature,
and the maximum shifts slightly to lower energy. This
32K indicates that peak | is composed of several transitions at
oy b ele\(ated temperatures.

MEREE l Figure 4 shows the INS spectra of the undeuterated sample
W at 6.1 and 19.4 K after background subtraction. These spectra
19.2K were measured on the direct geometry time-of-flight spec-

' ' ' trometer IN5 at the ILL, both on the energy gain (Figure

01 02 03 04 05 06 07 . R
Energy Transfer [meV] 4a) and energy loss (Figure 4b) side. The undeuterated
Figure 3. INS spectra at 1.5, 3.2, and 19.2 K of a partially deuterated Compound was also measured on IRIS at 1.5, 3.2, and 19.2

polycrystalline sample of (Mi), recorded on IRIS with a final wavelength K (not shown). The data are very similar to those of the
i = 6.6 A after background subtraction. The labeling of the peaks partially deuterated compound (Figure 3).
corresponds to that in Figure 5. The solid lines represent the simulated
spectra with the following parameterd = —0.0626(5) meV,BL = Analvsis
—6.8(4) x 1076 meV, J = 0.0072(4) meV, and FWHM-= 0.035 meV. y
The Mny subunits consist of one Mh (S= 3/2) and three

elemental analysis, and variable-temperature dc magnetizationMn3+ (S= 2) ions, which form a distorted cubane structure

Intensity [arb. u.]

measurements. as depicted in Figure 1. The dominant AF exchange coupling
Results between the Mft ion and each of the M ions in the
subunit leads to a well-isolated total sgg= 9/2 ground

Figure 2 shows the INS spectra of the partially deuterated state for each Mnsubunit. JahaTeller distortions of the
sample at 1.5, 3.2, and 19.2 K, measured on the invertedMn®" ions introduce an easy axis-type magnetic anisotropy
geometry time-of-flight spectrometer IRIS at the ISIS facility. along the trigonal axis of the clust&rThe S= 9/2 ground
The solid lines in Figure 2 represent a smooth background state is thus split into fivetMs Kramers doublets. This
that accounts for the finite instrumental resolution as well splitting can be described by the effective zero-field splitting
as elastic and quasielastic scattering from the sample notHamiltonian
associated with magnetic INS transitions. The neutron energy . . 1 .
loss side of the spectra after background subtraction is shown H,-s=D SZ2 - §S(S+ 1) + B4°O40 Q)
in Figure 3. At 1.5 K, one strong peak (1) at 0.56 meV and
two weaker features (Il IV) at lower energies are observed. whereOL = 3554 — 303S + 1)52 + 2552 + 69S + 1).
The intensity of peak | is almost constant as a function of  The leading term is th® term, with a negativ®® value
Q. TheQ dependence is most likely smeared out because ofof the order ofD ~ —0.06 meV for all the known Mn

Inorganic Chemistry, Vol. 44, No. 19, 2005 6773
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N a) b) Since some of the observed peaks consist of more than
M, ) : : My Mgy, one transition, we included the relative intensities of the INS
) R transitions, in addition to their energies, for a more accurate
e 13/2,9/2)._ determination. The INS cross section for a transitiei—
3/2) —_ \3/2,—9/2> |mCX|nCand |mCdenote eigenstates of the Hamiltonian eq 2)
L [5/2,9/2), is proportional to the thermal population of the initial level
I5/2) Vi 15/2:92), Indand the transition strength,{Q) (or 1.{Q) for a
15/2,-9/2),, polycrystalline sample), wher@ = k — k' is the momentum
2 v 17/2,9/2) transfer with k and k' defined as the initial and final
5 S 72 /2>‘ wavevectors, respectively. In the calculationlgf(Q), the
A 7/2) " ||y T geometry of the cluster enters via the so-called interference
17/2,-9/2),, factors!’ Since the (Mun), cluster is described magnetically
- by an effective dimer model, see eq 2, a simple application
of the INS cross section formula would miss important
‘ 19/2,9/2),, interference effects, and yield incorrect INS intensities. The
19/2) 4 I interference effects, however, can be retained in the dimer
e model as described in ref 18, and for a polycrystalline sample
— [92.-972), of the uniaxial (Mn), dimer I,(Q) is obtained as
J=0 150
Figure 5. Energy level diagram of (a) an axially anisotropy si@8it= I“m(Q) h
9/2 ground state (eq 1 with = —0.063 meV andB = —6.8 x 10°¢ I _— ~ =
meV) of a Mny subunit and (b) a (M#)2 dimer with antiferromagnetic [fm(Q,Rij)(Snyﬂx + Syysﬂy) + ngu(Q1Rij)szS/ﬂ] (3)
coupling (eq 2 withD = —0.063 meV,B,° = —6.8 x 1076 meV, and vue[AB}

J=0.0073 meV). For clarity only the relevant states are shown. The arrows

in panel b correspond to the assignments of the observed transitions inwith
Figures 3 and 4. The approximate wave functions are giveMfgr > 0

in the foIIowing notation |MSA,MSB|Q = (|M5A,MSB|:| + |MSB,MSA|J/

1
V2, IMsaMseld = (IMsaMssl— [MsgMsa¥~/2. . (QRy) = i|10(QR) ECOZ(Rij)jz(QRj)

S PLL

6= jeu

SMMs814 The resulting splitting pattern is shown in Figure and
5a. In the title compound, two identical Mmolecules are

lying head-to-head on a crystallograp®gaxis. In terms of 9,(QR)) = z ZF Tio(QR) + COZ(Rij)jZ(QRj)]
anisotropy, the two subunits are thus equivalent and repre- 6 &

sented by the same parameters as in eq 1. A small pertur-anol

bation is introduced by the exchange coupling between the

two subunits, leading to the following effective Hamiltonian gmgjﬁ = m|§m|m[[mn|§w|ng

for the dimer
o R . wherev and ¢ index the subunits A and B andand |
H=Hzsat Hzesg T IS represent the individual Mn ions in the clustBr(Q) is the

magnetic form factor of thih ion, jx is the spherical Bessel

)

where Hzes, are centered on the two subunits A and B, =R

respectively, and have the form of eq 1. The effect of a
positive (antiferromagnetic) value on the ground-state
splitting is seen in Figure 5b. All the Kramers doublets of
the Mn, subunits are split into two or three components. In
the first order, the dimer wave functions are given by the
symmetric|Msa,Msgld = (|Msa,MsslH [Msg,Msal/+/2 and
antisymmetriC|M5A,MSBG = (|MSA,MSBD— |MSB,MSAU/‘/§
linear combinations of the basis functions, wilils =
Msa + Msg. INS transitions are allowed fokMs = +1,0.

In the first order description, this corresponds specifically
to AMga = £1 andAMsg = 0 or AMsa = 0 andAMgg =
+1. The experimentally assigned allowed transitions within

function of orderk, R; — Rj is the distance vector
between theth andjth ion, C(R;) = [3(R;./R;j)? — 1]/2
ando, =X, Y, Z

On the basis of eq 3, a least-squares fit of the calculated
INS spectra, assuming Gaussian line shapes, to the experi-
mental data at all the measured temperatures was performed.
The results are shown as solid lines in Figures 3 and 4 for
the deuterated and undeuterated samples, respectively. The
agreement of the simulated and observed spectra is excellent
for both samples at all temperatures. The parameters obtained
are shown in Table 1. Within experimental accuracy, there
is no significant difference between the two parameter sets.

An interesting question is whether the exchange interaction

the energy level diagram of Figure 5b are shown as arrowsbetween the two subunits is isotropic or fot.o first order,
and labeled | through VI. On the basis of their temperature the effect of thel,, components of the exchange coupling is
dependence, the major peaks in the INS spectra of Figuredo split the two level§7/2,9/24 and |7/2,9/Z4 by 9Jy,. All
3 and 4 can be assigned to the allowed transitiorigl lin

(17) (a) Furrer, A.; Gdel, H. U.Phys. Re. Lett. 1977, 39, 657-660. (b)

Figure 5b. From the resulting energy-splitting pattern, the Waldmann, OPhys. Re. B 2003 68, 174406/18.
relevant parameters in eq 2 can be determined approximately(18) waldmann, O.; Dobe, C.; Mutka, H.; @el, H. U. To be published.
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Table 1. Spin Hamiltonian Parameters for the Deuterated and Table 2. CI---Cl Distances and Values for the Three Different (M
Undeuterated (M), Dimer Samples
meV A meV
D B° J samplé Cl---Cl Jmagnb Jins JepR
deuterated —0.0626(5) —6.8(4)x10°® 0.0072(4) 1 3.878(4) 0.0086 0.0073(4)
undeuterated —0.0629(5) —6.8(4)x 10°© 0.0073(4) 2 3.844(3) 0.0072(4)
3 3.712(2) 0.0103(9)

the other energy splittings of the Kramers doublets result a1, [Mn,0sCly(0,CEts(py)sl2-8MeCN (undeuterated): 2, [MEsCla-
from the J component of the exchange interaction. Since (OzCEtb(pyds)slz'8yeCN (deuterated); 3, [M®sCla(OCEt:(pY)s]2-2Ce-
the J,, component affects such a small portion of the M~ Fromref12.From ref15.

spectrum, the introduction of exchange anisotropy does noting different solvent molecules is significantly larger than
significantly improve a least-squares fit to the whole tne gifference between the deuterated and undeuterated
spectrum. However, from the energy difference between yersions of the title compound. And we observe the
transition 1l and Ill, which is related to the splitting of the intuitively expected trend: stronger antiferromagnetic ex-
|7/2,9/24 . 1evels,J,, can be directly determined. Transition change for the sample with the shorter-@C! distance. The
Il is nicely resolved at 3.2 K, whereas transition Il lies in  yglevant numbers are collected in Table 2.
the lower-energy tail of peak I. This can be seen in the  Thjs is a very interesting result because it demonstrates
broadening and slight shift of the maximum of peak | t0 that the distance between the two subunits in the gMn
lower energy with increasing temperature. Peak Il has an gimer, and thus, the strength of the exchange coupling
energy of 0.463(5) meV, and the energy of transition Il is petween the subunits is more strongly affected by exchanging
estimated to 0.530(15) meV. Their energy difference of the solvent molecules situated between the AMdimers
0.065(20) meV corresponds 8, = 0.007(2) meV. Within iy the crystal structure than by deuterating the G++Cl
experimental accuracy, there is no difference to the isotropic hydrogen bonds connecting the Maubunits within the
J value of 0.0072(4) meV, indicating isotropic exchange. dimers. The effect of the solvent exchange on the-Cl
distance is about five times as large as the effect of
deuteration. And the antiferromagneidigalue is about 40%
According to the X-ray diffraction data, the geometries larger in the sample with-hexane solvent molecules. In the
of the Mny subunits in the deuterated and undeuterated title theory of kinetic exchange, the antiferromagnéticalue is
compounds are not distinguishable. But the @l separation related to a one-electron transfer integral, which, in turn, is
of the two subunits is slightly different: €}Cl distances related to the orbital overlap integrals. For two approaching
of 3.844(3) and 3.878(4) A at 173 K have been reported for subunits, as in the title compound, the distance dependence

Discussion

the deuterated and undeuterated crystals, respecti/dlg. of Jat long distances is given by'¢, whered is the distance
thus intuitively expect a stronger exchange coupling in the between the subunits?2
deuterated sample. The INS data analysis alldvis be Taking the Ci--Cl distance asl and the spectroscopically

determined within an accuracy f5%. Since no significant ~ determined] values in Table 2, a value & = 2.5(9) is
difference for the two samples is found, we conclude that obtained. This is in reasonable agreement with the result of

the increase o upon deuteration is at most 5%. a recent DFT calculation on the title compound which
The samples used in the present study contained 8derivedk = 4.5
molecules of acetonitrile per (M) dimer in the crystal The fact that solvent exchange has a stronger effect on

structure. This was the solvent used for the crystallization. both the structure and the exchange coupling than deuteration
This sample was studied in great detail by very low- is a reflection of the intrinsic weakness of the-8---Cl
temperature magnetic measureméaind a value of] = hydrogen bonds. Despite this weakness, the siHe&-Cl
0.0086 meV was derived from these, which is somewhat bonds manage to structurally join together the two,Mn
larger than the) value obtained by INS. The spectroscopic Subunits in the title compourfd,and they may well play an
value is considered more reliable because it results from aimportant role as pathways for the small superexchange
direct observation of energy splittings. between the Mpsubunits.

An EPR study of the same (Mp dimer was performed

. : Conclusions
on a sample containing 2 moleculesmhexane, instead of
acetonitrile, as the solvent of crystallizati®hA value for The anisotropy and exchange splitting in the exchange-
Jhexane OF 0.0103(9) meV was determined for this sample. coupled dimer of SMMs (Mi). could be accurately deter-
This is significantly larger than the value fGkcetonitile OF mined by INS. The weak antiferromagnetic exchange

0.073(4) meV obtained in the present study. An inspection interaction between the two Msubunits within the dimer
of the crystal structures shows a significant shortening of 20) And b WSolid State Phy€l963 14 99214

. . . . _ naerson, P. Oll ate Y y .
the Ct--Cl separation in the EPR sampléz;...c; = 3.712- (21) Park, K.; Pederson, M. R.; Richardson, S. L.; Aliaga-Alcalde, N.;
(2) A versusdg...ci = 3.86 A for the average of the INS Christou, G.Phys. Re. B 2003 68, 020405/1-4.

9 ; in. (22) (a) Desiraju, G. RAcc. Chem. Red.996 29, 441-449. (b) Freytag,
samples? The difference between the two samples contain M.: Jones, P. GChem. Commur2000 277-278. (c) Aullon. G..
Bellamy, D.; Brammer, L.; Bruton, E. A.; Orpen, A. GChem.

(19) Unpublished results. Commun.1998 653-654.
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strongly depends on the intradimer distance. This distancen-hexane considerably shortens the intradimer distance,
can be chemically modified either by exchanging the solvent increasing the exchange coupling by about 40%.
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