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The magnetic properties of mixed-valent compounds of general formuy@l@uO,CR), [R = CH,—CHjs (1),
C(Me)y=CHEt) (2)] have been studied in the-B00 K temperature range. This magnetic study also includes a
revision of the magnetic properties of the complex®(-O,CCMePh), (3). Compoundsl—3 show a linear
structure and a strong antiferromagnetic coupling between the diruthenium units through the chlorine atoms
according to previous studies. Two fitting models to explain the magnetic properties of these complexes that
incorporate a large zero-field splitting together with a strong antiferromagnetic coupling are described. These
models consider that each diruthenium ufit{ 3/5,) is magnetically coupled to the nearest diruthenium unit and
ignores the longer distance magnetic coupling. The fitting models were found to be successful in fitting the
magnetic data of the linear diruthenium(ll,Ill) complexes. The zero-field splitthgand the antiferromagnetic
coupling,zJ, vary from 37.8 to 48.0 crmt and from—7.43 to—13.30 cnT?, respectively, for complexes. Tlig

values are similar to those calculated for the nonlinear diruthenium(ll,Ill) compounds and confirm the validity of
the proposed fitting models.

Introduction Several variable-temperature magnetic susceptibility measure-
ments on the chlorotetracarboxylatodiruthenium(ll,lll) com-

The syntheses and properties of numerous mixed-valent 17
diruthenium(ll,111) carboxylates have been reporfefiAmong pounds have showfr that these complexes present three
different types of magnetic behavior.

the properties of these complexes, the magnetic behavior has (i) For compounds without or with extremely weak antifer-

been the subject of considerable interest for several years. romaanetic couling. this behavior has been observed in some
These complexes show at room temperature a very high comp?exeé7 thatpfor?ﬁ isolated molecules such as inRI{u

. N . : SRIfu-
magnetic momentues ~ 4 ug per dimer unit) due to the 0,CCHMe)s and in some zigzag polymeric compoutuch

presence of three unpaired electrons af&'o%(* 6*) 2 electron X © ; i
configuration for the dimetallic unit according to the theoretical 'ffelsne i%g@iegégﬁfZs(gil\s/lf?ézgrirhee? ggsgco%rotﬁimbe;siosf of
studies carried out by Norman et%The magnetic properties . _p3 . rorily” €xp

isolatedS = 3/, units undergoing a large ZFS.

of all diruthenium(ll,Ill) complexes are consistent with Sr= (i) For compounds with weak antiferromagnetic couplin

7> ground state of the dimer unit and a large zero-field this behavior hgs been usually observed in zi ga ol r‘ﬁgﬁcg’

splitting?* (ZFS) of about 70 cmt. The S = 3/, units can be . y gzag poly

; : : X . e . compounds such as in Rl(u-O,CCyHg)s and RuCl(u-Oo-

linked into chains using appropriate bridging ligands to give CCH=CHCH=CHCH)s, but it also has been observed in some
1 1 1 1 H 1 41

molecular magnetic wires. Following this idea, several magnetic nonpolymerié” complexes such as ROI(u-0,CCaHaN)a A

studies on diruthenium(ll,IIl) units linked by ligands such as larae ZES and a weak antiferromaanetic exchanae throuah
phenaziné,pyrazine’ nitroxide radical$, 1 4,4-dipyridine 12 arge and a weak antirerromagnetic exchange: throug
chlorine bridging or through space are responsible for this

or 1,4-diazabicyclooctafghave been published. . ; . :
Y P magnetic behavior. This behavior can be adequately treated by
* To whom correspondence should be addressed. Fax: 34 91 39443522 model based on a molecular field approximation developed

E-mail: gcmm@eucmax.sim.ucm.es. by O’Connor!8 corrected later by Telser et &%,and used
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(i) For compounds with a large antiferromagnetic coupling, 0,020
this magnetic behavior has been observed only when there is a
linear chain (Re-Cl—Ru angle= 180°) such as in RCl(u-
O,CR); [R = CH,—CHj3, C(Me)}=CHEt, CMePh]. The elec- 0,016
tronic density of each diruthenium unit is connected by the
chlorine atom, giving a strong antiferromagnetic coupling. This
magnetic behavior cannot be explained by O’Connor’'s model
because the model’s mathematical expression does not predict
a maximum in they(T) curve. Cotton et al* have studied the
magnetic properties of the complex RU(u-O.CCMePh)4 0,008
using the one-dimensional Ising model for an infinite chain of 0,006]
coupled S = 3, units. This last model considers a strong

0,018

0,014

0,012

0,010

v (emu mol'l)

antiferromagnetic coupling but neglects the ZFS, which is b S0 100 150 200 250300
always present in the diruthenium(ll,I1l) complexes. Therefore, T&)
a more accurate fitting model is needed. Figure 1. Experimental temperature dependence of the magnetic

Although several crystal structure determinations have been susceptibility for the complexes (O), 2 (O0), and3 ().

carried out on the RCI(u-O.CR), (R = alkyl or aryl) ) .
compoundg#15.17.2630 only four complexes have linear struc- TIP, andP parameters simultaneously in the-200 K temperature

ture: one form of the acetato compl¥the propionaté® range. Magnetization measurements at 14 field strengths between 0
2-methylpentadienoat&,and diphenylpropionatéderivatives. ?E% 50 kG were made a and lower temperatures for compounds

These last three derivatives show, in the representation of the
magnetic susceptibility versus temperature plot, a turning point Results and Discussion

at very low temperature, indicating a strong antiferromagnetic i

coupling. In this paper we describe two fitting models to explain "€ magnetic measurements of compourds3 show a

the magnetic properties of compounds,8lu-O,CR); [R = magnetic moment at room temperature of ca. 4gOcorre- .
CH,—CHs (1), C(Me)=CHEt (2), CMePh (3)]. The acetato sponding to the presence of three unpaired electrons for a dimer
derivative has not been included in this study because, asUMt in good agreement with the published results on these
observed by Cukiernick et df,the solid forms a mixture of ~ cOMPlexes. The temperature dependence of the magnetic
zigzag and linear chains. The developed models are valid for SUSceptibility data for compounds-3 is shown in Figure 1. It
linear chains ofS = 3, units having both a strong antiferro- 'S worth noting the turning poinfl¢) observed in the representa-

magnetic coupling and a large zero-field splitting. tion of the three complexes. THe appears at 35 and 32 K for
compoundsl and 2, whereas it is observed at 67 K for
Experimental Section compound3. The observed values for complexe4—3 are

) . . 025,26
The complexes RLCI(«-O.CR) were prepared according to literature in excellent accordance Wlt.h preVIous_ stuckes: .
procedures#25.2631Compoundsl—3 were crystallized as indicated in In general, the magnetic properties of the zigzag and
the literaturé*252sbefore carrying out the magnetic measurements. The Molecular chlorotetracarboxylatediruthenium(Il,1if) compounds
variable-temperature magnetic susceptibility data were measured on acan be correctly interpretéé?!>7using the equation described
Quantum Design MPMSL SQUID (superconducting quantum interfer- by O’Connot8 and corrected later by Telser et'8for anS=
ence device) susceptometer over a temperature rarggO® K. 3/, spin system with an axial ZFS. However, in the case of the
Magnetic susceptibility measurements were taken using field strengthslinear compound4—3 this equation cannot be used because,
of 10 000 and 3000 G, and no field dependence was observed. Eachas mentioned above, the mathematical expression of this model

raw data field was corrected for the diamagnetic contribution of both §ges not predict a maximum in the molar susceptibility versus
the sample holder and the compound to the susceptibility. The molar temperature curve

diamagnetic corrections for the complexes were calculated on the basis

of Pascal’s constants. The fit of experimental data was carried out using Three models could be used to analyze the magnetic

the commercial MATLAB, V.5.1.0.421, program, fitting aj| D, zJ, properties of the linear compounds- 3. The first model
considers a Heisenberg linear chain that must be scaled to the
(20) Bennett, M. J.; Caulton, K. G.; Cotton, F. Morg. Chem 1969 8, value of S = 3,. In addition this model can be modified to
1. include a term corresponding to anterchain interaction.
gg ﬁié’aﬁh'(ﬁ ?g:mﬁvzﬁyéah?gog’ha?fo?nlgsglp1.% fﬁilbeu 1. e, However, in complexe$—3, the chains are well separatée? >
H.; Walsh, M.; Ferguson, G.. Géllaéhe?}gblgh’edr”onlggg 10, ,22.,73.y ' and theinterchain interactions must be insignificant with respect
(23) Bino, A.; Cotton, F. A.; Felthouse, T. Rorg. Chem1979 18, 2599. to theintrachain coupling. On the other hand this model, similar
(24) Togano, T.; Mukaida, M.; Nomura, Bull. Chem. Soc. Jpri98Q to the one-dimensional Ising model used by Cotton ét for
(25) ﬁéﬁ%ﬁl S.: Newman, R. A.: Vlasnik, L. Mnorg. Chem.198Q complexs3, dqes not consider a ZFS term. As a consequence,
19, 3404, we have decided not to use this model.
(26) Barral, M. C.; Jimeez-Aparicio, R.; Pez-Quintanilla, D.; Pinilla, The second model considers a full-spin Hamiltonian for a

5-7;1'3”‘390' J. L.; Royer, E. C.; Urbanos, F. Rolyhedron1998 18, linear chain that must include antiferromagnetic coupling and

(27) Barral, M. C.; Jiraez-Aparicio, R.; Royer, E. C.; Ruiz-Valero, c..  £FS on all dimer units. This model could be very useful, but
Saucedo, M. J.; Urbanos, F. Morg. Chem.1994 33, 2692. the introduction of the ZFS term makes the quantitative

(28) Barral, M. C.; Jimeez-Aparicio, R.; Priego, J. L.; Royer, E. C.; treatment very complex. However, several examples of the
Saucedo, M. J.; Urbanos, F. A.; Amador, IJ.Chem. Soc., Dalton

Trans. 1995 2183, exchange interaction model in dinuclear comple%e¥’ includ-
(29) Barral, M. C.; Jimeez-Aparicio, R.; Priego, J. L.; Royer, E. C;

Urbanos, F. A.; Amador, Ul. Chem. Soc., Dalton Tran$997, 863. (32) Gregson, A. K.; Moxon, N. Tinorg. Chem.1982 21, 586.
(30) Barral, M. C.; Jimeez-Aparicio, R.; Priego, J. L.; Royer, E. C.;  (33) Kennedy, B. J.; Murray, K. Snorg. Chem.1985 24, 1552.

Urbanos, F. A.; Amador, Unorg. Chem.1998 37, 1413. (34) Escuer, A.; Mautner, F. A.; Sanz, N.; Vicente,lRorg. Chem200Q
(31) Mitchell, R. W.; Spencer, A.; Wilkinson, Gl. Chem. Soc., Dalton 39, 1668.

Trans.1973 846. (35) Laskowski, E. J.; Hendrickson, D. lforg. Chem.1978 17, 457.
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Table 1. Experimental Magnetic Data and Magnetic Parameters for Complex8<btained from Fits to the Magnetic Momeént

R=CH,—CHs3 (1) R = C(Me)y=CHEt (2 R = CMePh (3)
parameter model A model B model A model B model A model B
ug, room temp 3.9 4.0 3.8
Te (K) 35 32 67
g 1.90 (1.66) 1.90 (1.67) 2.04 (1.84) 2.04 (1.85) 2.06 (1.82) 2.07 (1.82)
D (cm™) 46.7 (21.5) 46.6 (21.2) 48.0 (19.2) 47.9 (19.0) 38.1(35.4) 37.8 (35.6)
zJ(cm?) —8.05(7.39) —8.02(7.44) -7.46(7.19) —7.43(7.20) —13.28¢12.00) —13.30(11.97)
TIP (cn? mol™Y) 1.7x 1073 1.7x 1073 6.0x 104 6.0x 104 5.0x 104 5.0x 104
(3.3x 1079 (3.3x 1079 (2.0x 1079) (2.0x 1079 (2.1x 1079 (2.1x 1079
P (%) 1.8(0.8) 1.8(0.8) 2.7 (1.5) 2.7 (1.5) 1.7 (1.0) 1.7 (1.0)
0? 7.3x10°° 7.4x 10°° 4.6x10°° 46x 10°° 3.1x10°® 3.1x 10°®
(9.5x 109 (9.4x 109 (8.5x 109 (8.5x 107 (9.1x 109 (9.1x 109

aValues obtained from fits to the molar susceptibility curves are given in parentheses. For model A, the magnetic susceptibility is calculated
according to Boltzman statistics (see Appendix). For model B, the magnetic susceptibility is calculated according to the Van Vleck approximation
(see Appendix)T; is the temperature corresponding to the maximum magnetic susceptiBilisythe paramagnetic impurity> = ¥ (et caic —
#eﬁ,exp)zlz#eﬁ,exp2 (02 = Z(Xmol,calc - Xmol,exp)Z/ZXmol,expz)-

Scheme 1 16
J=0 1,4
1,21
1,04
S=32 §$=3/2 S$=3/2 S=312 ‘e
4] 0,8 -
=
. . _ 3 £ 0.6
ing some Cr(lll) dimer compound% (S = 3,), have been 2
published. In these metal dimers the magnetic interactions = 044
usually lead to nonlinear variation of the magnetization versus 02
magnetic field plot and it was necessary to calculate the 00
magnetic susceptibility using the thermodynamic expression ’

instead of using Van Vleck’s equation. We have used, as model 0 10000 20000 30000 40000 50000
A, a similar approach; each diruthenium ung € 3,) is H©G)
magnetically coupled only to the nearest diruthenium Uit ( Figure 2. Magnetization vs magnetic field for the compléxat T

3,), with zero magnetic coupling over longer distances (Scheme (&) and 5 K ©).
1). In this approach a ZFS and an antiferromagnetic coupling

is considered (see Appendix). As one can observe in Figure 1, the measured susceptibility

in model A, but the theoretical magnetic susceptibility is therefore, we have included a paramagnetic impuRlyjirg the
calculated using the Van Vleck approximation. This model has expression of the molar susceptibility with, = 2.

been applie# to a dimer of Mn(IV) & = S = 3/,) but without

including the ZFS effect. Some diruthenium(ll,II§ & 3/,) and N 2[32

diruthenium(ll,Il) (§= 1) dimers coupled to nitroxide radicals Yo = (L= P)y'yy + |:>gm_O

(S= Y,) have been studi&d'! by the Van Vleck approximation. me 4KT

We have used, as model B, a similar approximation using the

magnetic coupling showed in Scheme 1 and the Van Vleck By use of this expression, a satisfactory agreement was observed
formula, including ZFS and antiferromagnetic coupling, devel- between experimental and calculated curves of the molar
oped in the Appendix. magnetic susceptibility and the magnetic moment, using models
A and B. At higher temperatures only (from ca. 250 to 300 K)
the experimental data are lower than the calculated values. Table
1 contains the values of the magnetic parametg®(zJ, TIP,
andP) together witho?, which indicates the quality of the fits.
The magnetic parameters obtained using models A and B are

In the compound4—3 the variation of magnetization versus
magnetic field is linear at least until 50 kG. Figure 2 shows, as
an example, this behavior for the compoundhus, models A
and B can be used to calculate the theoretical magnetic

tibility.
susceptibiity very similar, showing the validity of both models to explain

A tert'.“ Corfﬁ;poadm% to thedtgn:jp?ratﬁre-|ndepeqdent pfa:ﬁ'the magnetic properties of the complexes. Figures 3 and 4 show
magnetism ( ). as been added 1o the expressions o eexperimental and calculated curves for the com@exThe
magnetic susceptibility shown in the Appendix.

theoretical curves, showed in these figures, were simulated using
the magnetic parameter values calculated in the fits of the
magnetic susceptibility curves.

However, a better agreement between the experimental and
calculated curves of the molar magnetic susceptibility and

v = T TIP

(36) Lambert, S. L.; Spiro, C. L.; GagnR. R.; Hendrickson, D. Nnorg.

Chem.1982 21, 68. magnetic moment, over the entire range of temperatures, is
(37) Miyasaka, H.; Matsumoto, N.; Re, N.; Gallo, E.; Floriani,IGorg. obtained when the theoretical curves were simulated using the
Chem.1997 36, 670. magnetic parameter values calculated in the fits of the magnetic

(38) Sanzenbacher, R.;"Boher, A.; Elias, H.; Hber, M.; Haase, W.; 0 Lo .
Glerup, J.; Jensen. T. B.; Neuburger, M. Zehnder, M.; Springborg, moment® curves (Table 1). A similar behavior has been found

J.; Olsen, C. Elnorg. Chem.1996 35, 7493.
(39) Kumar, T.; Mukherjee, Rinorg. Chem.1998 37, 2373. (40) Magnetic moment was calculatedag = 2.84(molT)Y2
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Figure 3. Temperature dependence of the molar susceptibiit{O)
anduer (2) for complex3. Solid lines result from least-squares fits of
the magnetic susceptibility using the model A described in the text,
with g=1.82,D = 35.4 ¢nT?, zJ=—12.00 cm?, TIP=2.1 x 1073

cm® mol™?, andP = 1.0%.

Figure 4. Temperature dependence of the molar susceptibilit{O)
anduer (2) for complex3. Solid lines result from least-squares fits of
the magnetic susceptibility using the model B described in the text,
with g=1.82,D = 35.6 cnT!, zJ=—11.97 cm?, TIP=2.1 x 1073

cm® mol™?, andP = 1.0%.

Figure 5. Temperature dependence of the molar susceptibilit{O)
anduer (2) for complex3. Solid lines result from least-squares fits of
the magnetic moment using the model A described in the text, gvith
= 2.06,D = 38.1 cnt?, zJ= —13.28 cn1?, TIP = 5.0 x 104 cn?®
mol™, andP = 1.7%.

in a previous papéfon the magnetic properties of diruthenium

Jimenez-Aparicio et al.

Figure 6. Temperature dependence of the molar susceptibilit{O)
anduer () for complex3. Solid lines result from least-squares fits of
the magnetic moment using the model B described in the text, gvith
= 2.07,D = 37.8 cnt?, zJ= —13.30 cmi%, TIP = 5.0 x 104 cm?®
mol™1, andP = 1.7%.

1). The greatest differences are observed in Eheand P
parameters of compoundsand 2. In these complexes the
values obtained in the fit of the magnetic susceptibility are lower
than those observed previously in other diruthenium(ll,Ill)
compounds. Thg values are also too low. Finally the values

are in the range 8.5 1074 to 9.5 x 1074 In contrast, these
parameters are better in the fit of the magnetic moment curves;
D is similar to that described for other diruthenium(Il,lIl)
complexesg is very close to 2, and the? values are in the
range 3.1x 1075to 7.4 x 1075 Thus, although the magnetic
parameters obtained in the fits of the measured quagptitould

be more representative than the ones obtained from the derived
quantity uer, we believe that the last parameters are more
accurate. The explanation of this fact could be the following.
At very low temperatures the contribution of the paramagnetic
impurity to the magnetic susceptibility values is very important
and the values of the magnetic parameters obtained in the fits
of the magnetic susceptibility could be inaccurate. The fits of
the magnetic moment curves minimize the significance of the
data at very low temperatures and allow us to obtain more
representative magnetic parameters. In fact, if the experimental
susceptibility data from 20t6 K are not considered in the fits

of the magnetic susceptibility, then the magnetic parameter
values are very similar to those obtained in the fits of the
magnetic moment over the entire range of temperatures.

Compoundd—3 showD values between 37.8 and 48.0Ttin
slightly lower than those described for other chlorotetracar-
boxylatediruthenium(ll, 1) compoundg;1416which vary from
54 to 80 cn1l. The large ZFS values observed in all diruthe-
nium(ll,111) complexes are due to the presence of two second-
row transition metals and a large number of closely spaced
electronic states in the dimetallic ufit.

ThezJvalues vary from-7.46 to—13.30 cn1! for complexes
1-3. The antiferromagnetic coupling for compl8s slightly
higher than that described previously by Cotton et*dll =
—10.9 cntl). However, because the one-dimensional Ising
model for an infinite chain of couple8 = 3/, units, used by
Cotton et all* does not consider a ZFS term, tkd value
obtained using models A and B must be more accurate. In any

compounds with weak antiferromagnetic coupling between event, thezJvalues obtained for complexds-3 are higher than
dirutheniun units. Figures 5 and 6 show experimental and thezJvalues described for the zigzag or molecular diruthenium

calculated curves for compleXusing models A and B.

compounds. This is consistent with previous stutfié< that

Some differences in the magnetic parameters values areindicate that the linear compounds must have a strong antifer-
observed depending on the mode of experimental data fits (Tableromagnetic coupling.
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The TIP values vary from 1.% 1073 to 6.0 x 1074 cm?
mol~1. Similar high TIP values (ca. I8 cm? mol~1) have been
previously found'42in reduced diruthenium(ll,Il) complexes.
TIP values near 1@ are also common in diruthenium com-
plexes!215.17

The amount of paramagnetic impurity obtained in the fits
varies from 1.7% to 2.7%. The presence of similar or higher
(up to 4.3%) quantities of paramagnetic impurity is usually
observed in diruthenium complexé&:-15.17.42

Conclusion

In this work, we have reported a magnetic study of linear
chlorotetracarboxylatodiruthenium(ll,Ill) compounds. We have
used two satisfactory models to explain the magnetic suscep-
tibility of these types of complexes as a function of the
temperature, confirming the existence of both a strong antifer-
romagnetic coupling and a large zero-field splitting.

Acknowledgment. We are grateful to the DirecaioGeneral
de Enséanza Superior de InvestigaaicCientfica (Projects
PB95-0395 and PB96-0648) for financial support.

Appendix
1. Eigenstates of the Coupled SystenT.he Hamiltonian is
given by
H=H,+ugSH

where the unperturbed Hamiltoniady is given, up to an
additive constant, by

o= ~2083,+ D&, + 52)

whereJ represents the ferromagnetic couplibgthe zero-field
splitting, andH the applied magnetic field.

Using the basi$Si S0 whereS = —3/,, =5, 15, 3/, for i =
1, 2 and definingp; fori = 1, ..., 16 as

H=B30 0=B30 6=-30 =530
%5=1530 =530 6=5-30 ¢=5 -0
99=1=330 $10=1-330 6= 1-3 ~30 b= -5~ 30
t=1- 230 p=1-22001= -2 - 20 4=1-2 - 30

we obtain 16 states but only 9 energy levels for the unperturbed
Hamiltonian. The following parameters are very useful to
express the eigenstates and eigenmodddof

x=(D?+ 2DJ + 25092, y=(4D?+ 93%)"?,
z= (4D* + 16DJ + 253)*?
_ 6J
V722 + 3(x — D — J)?

(08

(41) Maldivi, P.; Giroud-Godquin, A. M.; Marchon, J. C.; Guillon, D.;
Skoulios, A.Chem. Phys. Letfl989 157, 552.

(42) Bonnet, L.; Cukiernik, F. D.; Maldivi, P.; Giroud-Godquin, A. M;
Marchon, J. C.; Ibn-Elhaj, M.; Guillon, D.; Skoulios, £&hem. Mater.
1994 6, 31.
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g= V3D +JI-x)
V722 +3(x— D — J)?
= 6
V728 + 3(x + D + J)2
5= V3(x+D+J)
V722 + 3(x+ D + J)
33
V2497 + (2D —y)?
_ 2D —y
V2y/9F + (2D — y)?
3
V2y/9F + (2D +y)?
2D +y
V24/9F + (2D +y)?
. D+41-z
V2,/9F + (z— 2D — 4J)?
. 33
V2J9F + (z— 2D — 4J)?
o 2+ 2D + 4
V29F + (z+ 2D + 4J)°
_ 3
V29F + (z+ 2D + 4J)°

€ =

0=

L=

g

We have eigenstates, multiplicities, and eigenmodes as shown
in Table 2.

The coefficientsS are obtained through the standard pertur-
bation theory, and for this case we obtain the following values.

%:afg
_ Ayt 20)°
E,-E E-E
5= 3 209" 20y
E;—E, E;—E, E;—E
20y 2(5)° 2(¢)°
* E,—-E; E,—E E,—E
20, 2(,)° 2(g)°
Es—E Es—E E—-EK
_ 209’
Es—E
20,
E.—-E



618 Inorganic Chemistry, Vol. 40, No. 4, 2001

Jimenez-Aparicio et al.

Table 2.
Eigenstates Multiplicity Eigenmodes
El‘%D—%J m =2 Vi=¢, Vi =y
3 1 1
E2=§D+'2"J m, =4 V3=E(¢2‘¢5) V4=E(¢3‘¢9)
1 1
Vs =7—2-‘(¢s - 14) Vs =7§‘(¢12 ~s)
5.9 i 1
E3=5D_EJ m; =2 V7=E(¢z +6s) Vs=ﬁ(¢1z +0y5)
Bo=2D42lex my=2 Vo= +Bos+ by Vio = ady + By + by
Es”%D*‘%J‘X m; =2 Vip=70; + 8¢ +7¢ Vi =7s + 861 + 764
E6=%D+%J+Y mg =1 Vis =€dy + M0, ~ My — by
E7—§D+-92—J—y m; =1 Vig =09, + 147 — 16y — 003
Es—ED*’%J‘*Z mg =1 Vis=Eds +Abq + Ay +Edys
E9—§D+%J—z my =1 Vig =0y +Tdy + 11y + 003
2(|5)2 2(|7)2 parallel and byg, 1 the perpendicular. The first case consid-
“E_E "E_E ers a perturbation of the typegHS, and the second one
I considers the perturbatiqrgHS..
2( )2 2( )2 For parallel perturbation, we have the following second-order
— & 4 8 approximation ofg and first-order approximation qf;:
S E,—E, E—E
4 5 i
€ = E1 + 3ugH 3= 3ug
where & = E; — 3ugH 1= —3ug
§=Ez+2ugH 5= 2ug
NG ¢ = E; + ugH = ug
|l=«/§a+7ﬂ e_E,:EZ_,MgH u§=—/tg
§=E2—2ugH He = ~2ug
V66 = Es+ 2ugH ﬂz=2ug
=2y +3= & = Es — 2ugH Ug=—2ug
& = Ea+ugH Hs =g
\/f_S€+ o= B —ugH ﬂ%ozfﬂg
|3:¥ €, =Es+ ugH :u%l:/’tg
éz =Es — ugH U= —19
s=Ee Hi3=0
|4=M q4:E7 /";420
2 ész Es uis=0
=Eg ,uz =0
ls = v/3a(E + 1) + 284 ° a
Using Boltzman statistics to obtain the molar parallel suscep-
lg=v3a(o + 7) + 287 tibility, we get
|, = 3y(E + A) + 204 -
T N, 1 expl-e/(kT)]
=
lg=/3y(0 + 7) + 207 =

2. Calculation of Magnetic Susceptibility. The molar
magnetic susceptibility of a powdered sample can be expressed
whereN; is the number of moles of the compound, that is, the
number of moles of the two coupled dimeric units. Note that
Ne. = N2 if Ny represents the number of moles of the
diruthenium units.

as

1
Im = §(X|| + 2x0)

wherey andyn have been calculated for two methods.
2.A. Susceptibility According to Boltzman Statistics With

16

H> exp[-€/(kT)]

For perpendicular perturbation, we have the following second-
order approximation o and first-order approximation qf;:

the analysis done above we can write the asymptotic expansion & = 1 + (Y2)Sy(ug)H?

up to second order ifl of the eigenstates.

We will denote bye = e(H), i =1, ..., 16 the expression of
the asymptotic expansion of the eigenstates,ard ui(H) =
ag(H)/oH. We will need to distinguish between the parallel and
perpendicular perturbations, and we will denoteedyu! the

Ez — ugH + (Y2)S(ug)*H?
Ez + ugH + (12)S(ug)’H?
Ez — ugH + (Y4)Sx(ug)*H?

BB 1 Boc SPoerPie

1y = Si(ug)*H
= E1 + (Y2)Si(ug)*H? s = Si(ug)?H
= Ez + ugH + (Y4)Sp(ug)?H? 3 = g + (Y2)S(ug)*H

wy = —ug + (H2)S(ug)H
s = ug + (Y2)S(ug)H
g = —ug + (12)S(ug)’H
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& = Bz + (Y2)S(ug)’H? Uy = Ss(ug)*H 2.B. Susceptibility According to Van Vleck Approxima-
& = Es + (42)Ss(ug)?H? ty = Sa(ug)*H tion.
€ = B + (Y2)Si(ug)®H? ty = S(ugy’H
€lo= Ea+ (12)Su(ug)H? #0= Sug)’H N2’
€)1 = Es+ (12)Ss(ug)*H? w3, = S(ug)H 2= (18 B0 4 10e =KD 4 g BKD 4
&= Es + (1) S(ugH? o= SugPH K12
€5 = Es S(ug)’H? #y3= 25(ug)H 2 5D 4 267 D)
€y = Er+ Si(ug)*H? 114 = 2S(ug)*H
€= Es+ Sy(ug)?H s = 2Sug)’H Negu’ °
€6 = Eo+ Sug)H? a6 = 25(ug’H Zo= (4e =D — ATy § e D)
kTZ =
Using Boltzman statistics to obtain the susceptibility, we get '
16 where
N ui expl—€/(KT)] .
Ao~ — Z=)m e 5D

16 =

HY expl-€/(kT)]

i= 1C0001154





