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An explanation is presented for the unusual magnetic behavior of two Re(ll) compounds, [Re(triphes)(CH
CN)s][BF4]2 and [EtN][Re(triphos)(CN3}], for which magnetic susceptibility data obtained on powder samples
(2—300 K) suggest unusually strong temperature-independent paramagngiism (1.4—1.8) x 1072 cm?

mol~1) and small low-temperature effective magnetic moments. A model is developed based on the jj-coupling
scheme appropriate for description of the 5d shell of a Re(ll) ion in a crystal field. The model accounts for
a cubic crystal field, strong spirorbit coupling, and a trigonal component of the crystal field produced by
the ligand field acting on the Re(ll) ions. The last two interactions act within the truncated basis containing
eight lowest, strong cubic crystal field terms and result in the stabilization of two closely spaced Kramers
doublets originating mainly from théTz(tg) term. Efficient mixing of these Kramers doublets with those
arising from A, (t3¢?) and “T4[t3(°T1)e] terms is shown to result in the small low-temperature effective
magnetic moments and anomalously strong temperature-independent paramagnetism, in accordance with the
observed magnetic behavior. The model perfectly reproducedtheT dependences over a wide temperature
range (2-300 K), and the energy pattern obtained with the set of the best fit parameters provides a qualitative
explanation for the observed light absorption and diffuse reflectance in a wide spectral are2g200m).

The theoretical consideration predicts extremely strong anisotropy of the magnetic susceptibijtiaatois

for both compounds with &; easy axis of magnetization.

1. Introduction systems takes into consideration the splitting of the ground

Magnetochemisty of the iron group complexes is a well- orbital triplet by the spirorbit intergction and the low-
developed field of research with a solid theoretical backgrbind ~ SYmmetry components of the crystal field.
and reliably established trends of behavior (for reviews, see refs  In compounds of the palladium and platinum groups, the cubic
1-6). Often in metal complexes of the first row 3d transition crystal field is usually assumed to be stréngnd the inter-
metals, the cubic crystal field and the interelectronic interactions €lectronic interaction is essentially weakened because of large
are of the same magnitude and dominate the magnet behaviorextension of the 4d and 5d electronic shells, while at the same
The spin-orbit interaction is relatively weak in these cases. time spin-orbit coupling is much stronger than that in the iron
Theoretical consideration of these systems is based either orgroup compounds. This situation leads to the breakdown of the
weak or on strong crystal field schemes with allowance for Russel-Saunders scheme (in both weak and strong crystal
configuration interactions. Systems possessing unquenchedields) and the appropriate coupling can be adequately described
orbital angular momenta are especially interesting and areby the jj (intermediate)-coupling scheme, attributed to Van
typically represented by examples such as octahedral high-spinVleck.” Using the intermediate coupling scheme, Lfebon-
complexes of Co(ll) and Fe(lll) (ground-state terfig and sidered a one-electron heavy metal ion system with an axially
6T,, respectively) and low-spin Fe(Ill) complexes (ground-state distorted octahedral environment and Moffit et alnalyzed
term?T5). The model conventionally used to treat the magnetic absorption spectra of hexafluorides of"5ah = 2, 3, and 4)
and electron paramagnetic resonance (EPR) data of thesdons. Although the general theoretical routes to treat the magnetic
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Compound 1 Compound 2

Figure 1. Molecular structures of compoundsand2. Thermal ellipsoids are shown at the 50% probability level. Carbon atoms are represented
as spheres of arbitrary radius unless otherwise denoted.

TABLE 1: Selected Bond Lengths (A) and Angles (deg) for

attention in recent years because of its potential in molecular Compounds 1 and 2

electronics and quantum computitgt!

The present paper is focused on the study of the manifestation compoundl compound?
of strong spir-orbit coupling and an axial crystal field in the parameter length/angle parameter length/angle
magnetic properties of heavy metal ions with an outer 5d shell. Re(1)-P(1) 2.399(10) Re(bHP(1) 2.429(2)
We have investigated the two Re(ll) compounds, [Re(triphos)- Se(i%g(g) ggg‘ll(g) Se(ﬁg(g) g-igg(g)
(CHCN)J[BF ], (compoundt) and [ExN][Re(triphos)CNY]  hett) H) o065 Reel) 508
(compound 2), containing the tripodal phosphine ligand Re(1)-N(2) 2.095(3) Re(1yC(2) 2.110(9)
CH3C(CH.PPh)3 (1,1,1-tris(diphenylphosphino)methyl)ethane, Re(1}-N(3) 2.094(3) Re(1C(3) 2.109(8)

abbreviated triphos). Very little data exist in the literature on P(1)-Re(1)-P(2)  88.11(3) P(BHRe(1)>-P(2) 84.53(7)

the temperature dependence of the magnetic properties of Re(I)P(1}-Re(1-P(3) ~ 85.16(3)  P(kyRe(1}-P(3)  84.87(7)
compounds. The available data from our laboratory showed that EI((%__FE{Z((ll))__%((?’Z)) gg:gg((f’%) EE@E‘;((%:E@) gg:f?g )
Re(ll) and Re(lll) complexes exhibit large temperature- N(1)-Re(1)}-N(3) 84.20(10) C(1}Re(1>-C(3)  85.3(3)
independent paramagnetic susceptibilities We attempt to N(2)—Re(1-N(3) 85.02(10) C(2YRe(1>-C(3) 83.8(3)
interpret the unusual magnetic properties, measured on powdereck:gg:sgg)):ggg gé%gg; ggﬁ)sgg))zggg gg-ggg
sar;ples ofltheTe I?e(ll) tcomplextes exr:jibitingdsngtaﬁactors tN(l)_Re(l)_P(l) 17'5_01(7) C(HRe(1)-P(1) 17;3_1(3)

iasrrln. a?ﬁz apcr)gsoyszdr oggteirggg ri:;,ﬁ;r f%;j nm%r:jegl)a;irgoaugnrz ~ *Estimated standard deviations in the last significant digits are given
properly for the mixing of the relevant cubic crystal field terms in parentheses.

with strong spir-orbit coupling and the trigonal crystal field 0.9-
created by the mixed ligand environment of six-coordinate 1
Re(ll). In a general sense, this model is equivalent to the jj-
coupling scheme that is appropriate for the description of a 5d
shell of Re(ll) in a crystal field. The model provides a perfect v’B‘
fit of the observeg/ T vs T dependences over a wide temperature g
range (2-300 K) and predicts extremely strong magnetic X
anisotropy of the compounds studied. For verification of the §
theoretical model developed, we also discuss also the optical ~
absorption and diffuse reflectance spectra of the title compounds =

in a wide spectral range (26@600 nm).

2. Experimental Data

Detailed synthetic and structural data for compouhdsd 0'10 " s 100 150 200 250 300

2 are described elsewheY&The molecular structures of these T

. . . . emperature (K)
compounds with the atomic numbering schemes are shown mFigure 2. Comparison of the experimentaT vs T dependence fat
Figure 1. The main interatomic distances and angles are listed . - ) i
in Table 1. The magnetic susceptibility data obtained on the (0 and2 (O) with those calculated with the bestfit parameter3.(
powder samples are presented in the fgifrvs T in Figure 2. of ¥T vs T over a wide range from 2 to 300 K demonstrates
The low-temperature limits of T for compoundsl and?2 are very strong temperature-independent (Van Vleck type) para-
about 0.291 and 0.205 &K mol 1, respectively. These values magnetism (TIP). The TIP contributions gcare 1.796x 1073
correspond to effective magnetic moments of about 1.53 andand 1.363 x 102 cm® mol~! for compoundsl and 2,
1.28 ug, respectively, which are significantly lower than the respectively. These values are 1 order of magnitude larger than
pure spint/; value (1.73ug). The fast rate of the linear increase the TIP susceptibilities that are typical for the 3d ions.
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Figure 3. UV-vis_‘,ible absorption spectra for compountisand 2 in 5 . B 2 T L \
acetonitile solutions. 400 800 1200 1600 2000 2400
UV —visible electronic spectra df and2 were performed in wavelength (nm)

acetonitrile solution and recorded with a Shimadzu UVPC-1601 Figure 4. Diffuse reflectance spectra for compounidsind2 in the
spectrophotometer. The spectroscopylofvas actually per- ~ Solid state.
formed on [Re(triphos)(CECN)s][PFe]2,132a compound identi-
cal to 1 except for the identity of the counterion. The identity
of 1 is used interchangeably throughout the paper to indicate
[Re(triphos)(CHCN)3][X]2 X = BF; or PR. The spectral 3
measurements in the visible region revealed a broad featureless
absorption band between 18 500 and 26 000 ‘cfmaximum 3 4
at 21700 cm?, e =1 x 16 M~1 cm™?) for compoundl and
between 20 000 and 25 000 ch(maximum at 22 600 cnt, e
=1 x 168 M~1 cm™Y) for compound2 (Figure 3). One can Y
assign these bands to spin-alloweddltransitions. A similar Z
band was observed previously in the electronic spectra of the
hexahalo anion Irg€= (X = F, Cl, Br), wherein the iridium- \/
(IV) ion has the same °dconfiguration as Re(Il3* The X !
absorption spectra also exhibit intense bands at higher frequen-_ ) 6 ) )
cies that can be associated with the meligiand charge-transfer ~ Figure 5. Trigonal coordinate systemz||Cs axis, XYZtrigonal
transitions. coordinates, anayztetragonal frame (axes are directed along @ae

. . . axes of the octahedron).

Diffuse reflectance spectra were measured using a Perkin- . o
Elmer Lambda 900 double-beam UV/vis/NIR spectrophotom- p_hosphorus atoms and the other containing three acetonitrile
eter. The solid-state diffuse reflectance spectra were measured'itrogen atoms in compountiand three cyano-carbon atoms
using a 150-mm integrating sphere (by Labsphere) accessoryln compound2.
to the Lambda 900 spectrophotometer. This was accomplished The Hamiltonian of the system

X

2 v

by either packing the crystalline solid in a 0.1 mm Suprasil H=V.+ Vg + Vee+ Hgo+ Hy (1)
quartz cuvette (Wilmad) or preparing a thin film of the solid ¢ 9 e
on a filter paper by adding a few drops of a saturatec@¥i includes cubic and trigonal crystal field¥{ + Vyig), inter-

solution of the relevant compound at the center of the filter electronic interactionsved, spin—orbit coupling Hso), and the
paper and letting the solution evaporate to dryness, then crushingZeeman interactionHz). For the theoretical description of the

a small amount of solid on the filter paper and applying pressure crystal field states, we will use the so-called trigonal coordinate
with a spatula to grind it into the paper sufficiently for it to  systen with the Z axis directed along th€; axis (Figure 5).
remain fixed. The spectra were measured in a wide range from Trigonal one-electron states (complex trigonal basis) related to
2600 to 200 nm (Figure 4). These spectra are similar for both this coordinate system are expressed in terms of the d-functions
compounds and demonstrate several distinct peaks in the nearé = yz 5 = xz { = xy(tzg), U = 322 — 1, andv = V302 —
infrared region (40066000 cnTY); in the region 600612 500 y?)(ey) defined in the tetragonal basis as follos:

cm~! one can observe a region of no transitions and then a

relatively strong and structured reflectance band with the major | X, 0= —(1V/3)(€& + €57 + &)

part of the intensity in a wide range, 17 6680 000 cn?. IX_C= (IV3)(e*E + en +©)
3. Crystal Field Consideration %= (INV3)E+n +8)

3.1. The Model. Inspection of the molecular structures u, = —(AN2)(u+iv)
(Figure 1) and interatomic distances (Table 1)fand2 reveals u_ = (LV2)(u—iv)

that both compounds possess a quasi-octahedral ligand environ- _ .
ment around the Re(ll) ion that may be regarded approximately € = exp(2ri/3) (2)

as a trigonal system belonging to t6g-symmetry group. The For brevity, hereafter the parity label g will be left out in the
C; axis passes through triangular faces, one composed of thenotations of the irreducible representations of @egroup.
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As mentioned, the intermediate coupling scheme used, in a 1
strict sense, by Liefirseems to be appropriate for 5d ions. In Dki|VTz><o|XiD= Sﬁ[ﬂZ”VTZHIZD
this scheme, the strong sptirbit coupling is employed at the

2
first stage of the calculation when constructing the one-electron Bl V7, | %= —\/_[ﬂgl IV |1tL)
orbitals. Here, however, we prefer to employ an alternative route 3v2
based on the strong crystal field scheme with subsequent &i|VT2x0|uj:D: iﬁH IV |led(6)
2

V6

The first two matrix elements represent one-electron trigonal
traceless splitting of the cubig tevel into e and g and the
remaining matrix element is responsible for the mixing of two
trigonal doublets, eThe reduced matrix element||V1,||t20]
Pnd ||V r,/|elcan be regarded as the trigonal crystal field
parameters. Trigonal field parametersandv' introduced by

allowance for mixing of the appropriate terms by the spin
orbit interaction. This approach to the problem has, at the very
least, the following advantages. First, the theoretical footing for
the strong crystal field scheme is well developed and the main
matrix elements (energy matrices, sporbit interactions) are
tabulated.? Second, the truncated basis set that provides a
satisfactory accuracy to the results can be chosen by the use o

Fhe TanapeSugano diagrgms. Finally, a strong field basis set Pryce and Runcimapwill also be employed. These parameters
is convenient for the consideration of the low-symmetry crystal can be expressed in terms of the reduced matrix elements in eq
fields that can be represented by the irreducible tensor operators;

in the Ox-group.

The basis for the dshell consists of the strong cubic crystal — 1 Vo It "= 1 V- |lel] 7
field states related to the trigonal coordinate system v ﬁ[ﬂ2|| T2|| 2t v JEEﬂZH TZH %
1t)(S,T)e"(S,I,) STMMI 3) S0 eq 6 can be rewritten in the conventional form:

1 2
whereT is an irreducible representation @h-group andm B [V X[ = 3¥ Dol V' 1 Xol= 3¥

enumerates the basis functions of this representation, namely, BV u =0

M = X4(as), Xo(ag) for I' = T»(T1) andM = uy. for I' = E (we :

use the notations of Sugano et'glSiI'; designates the state  Three parameter&g, v, andv', provide a complete description
of t; subshell, &2 is that for & subshell. The one-electron  of the crystal field ofCs, symmetry acting on the Re(ll) ion.

statesx; andx- form theE basis inCs,, as well asu; andu-, The matrix elements of the operatdr.,, between the states,
while functionxy belongs toA;. The same notations are assumed eq 1, can be calculated with the aid of the WignEckart
for the many-electron basis, eq 3. theorem, and the problem is reduced to the calculation of the

In the basis given by eq 3, the cubic crystal field operator is following reduced matrix elements:
represented by the diagonal matrix: m 1K) s 1oty K e 1o ,
(S, Te (SI)ST VIt (SiI'De™ (SISO (8)

m n 1 m anl ] 1 1
BSTIE(STISTMMIV Itz (ST (ST ST MM D= These many-electron matrix elements vanishlit= 2, and for

(—4n+ 6m) x Ikl = 0 and|k] = 1, they can be expressed in terms of the one-
DAd10mni0s,s,9s,5,0r,r,0r,r,0580mmr OrrOum: (4) electron reduced matrix elements as follows:
m n ’ m l ]

For the & shell of Re(ll) ion,n +m=n"+m = 5. In eq 4, E(S e (SIS IS eSS TH=
the cubic crystal field splitting of the one-electron levels is Cy ST SILNIT) G|V [Ib0s s 0550, Oss:
usually defined as -

Y DS TES,TSTIV+ |63 (ST H(Sy)ST'E=
X |V [tpX L= %] V [t [L= —4Da, CASISLSINSLIT )GV |leldsg )

e, |V eu, 0= 6Dq (5) _ _
To express the many-electron reduced matrix elements in terms
so that one-electrory tand e levels are separated by the gap of the one-electron reduced matrix elements and consequently
in terms of the parametetsandv’, one must calculate selected
10Dq. matrix elements oW1, using the explicit form of the wave
The matrix elements of the interelectronic interaction Hamil-  fynctions of the type 3 expressed in terms of Slater determinants.
tonianVee between the states (eq 3) are expressed in terms ofThese functions are given in Appendix I. Matrix elements of
Racah parameteB andC, and the energy matrices are given the trigonal field operator expressed through the parameters
by Sugano et &l.To avoid overparametrization in the best fit andv' are given in Appendix II.
procedure, we will use the following values of these parameters  3.3. Spin—Orbit Interaction. The Hamiltonian of the spin
calculated for the free Re(ll) iohB = 647 cnt, C/B = 4.27. orbit interaction
3.2. Trigonal Crystal Field. In calculation of the matrices
of the trigonal field and spinorbit interaction, we shall use Hso= zg(ri)hﬁ (10)
the methods developed in ref 1. Becaxséelongs to A in !
Cs., the trigonal crystal field operator can be represented as thecan e represented as a linear combination of the irreducible
irreducible tensor operator of the typa,y, of the O group, so double tensor operators:
one can apply the WigneiEckart theorem to build the matrix
of this operator. The nonvanishing matrix elementsvefy, Hso= Z D)WV yq4r—q (11)
within the one-electron states, eq 2, are the following: =0+1 !
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The expressions of 141,—q in terms of§ and operatorg ands aid of the general definition for the reduced matrix element of
are given in ref 1. The operatovéqr, g are transformed as an  the first rank tensd® acting in spin space:

irreducible tensor of the rank 1 in spin space and as-pe

irreducible tensor in orbital space. In eq 11, the components [)(S,I',)€"(S,I,)ST||S,|[ty (S T)e™ S, ST =

a;, a-, andag of T are labeled, respectively, by the projections 1/2

1,—1, and 0 of the pseudo-angular momenium1. The matrix [SS+ 1)@+ D 0s;5. 955,91, Or,rOrrdss (18)
elements ofHso can be calculated using the WigreEckart

theorem. Reduced matrix elements Finally, let us focus on the problem of the appropriate choice

of the truncated basis set. This basis should include a sufficient
LSSV [ XS T ST)ST' O (12 number of states to reproduce the energies of the low-lying
BSTE (S ST 1T1|| 2 (S S (12) group of levels provided by the Tanab8ugano diagram for

can be expressed in terms of the one-electron reduced matrixthe & ion. To comply with the jj-coupling, the full range of the

elements. In the-function approximation, these matrix elements energy Ieve_ls mcl_uc.ied n the basis should significantly e.X(.:eed
can be written as effective spin-orbit interaction. One can see that by providing

a strong or moderate cubic crystal field, the low-lying group of
levels that includes the eight term&Tg, 6A 4, 4Ty, 4To, 2A,, 2Ty,
and?E; are well separated from the excited ones. To properly
reproduce the energies of these eight terms, the basis should
contain a sufficient number of states. Inspecting the matrices
of the Coulomb interactidnand neglecting the high-energy
states, we arrive at the following basis set including 82 states:

Bl|Vyr [1,0= 3ikE,  l[Vyr [le0= —3V2i'e (13)

where ¢ and ' are the spirorbit parameters and and «'
are the corresponding orbital reduction factors. The reduced
matrices, eq 12, for all d ions are given by Sugano €t al.
Neglecting the difference in radial functions for theaind e
orbitals, we reduce the number of the sparbit parameters to 52+ . 473 2+ . 443 2+ . (3.4 35 ) 6 -

oet ¢ O E 65,°T, 65CTe T, 65CT)e T, B(*A)E (A A;;
one parameter’ = ¢, and in this approximations = «' as 24 2 BTy A 2 BTy " 22 22( . € 2)4 31 ,
well. In the subsequent calculations, we will use the value of B(CT)e T, 6CTDe T, BCTIECA), T, HCTYeT,;
£ = 2100 cm* for the value of the 5d orbitals of Re(ll), which AT e 2T 20AVe2E: £ E)e2E: H('E)eA. (19
is in agreement with the estimated va@!’ of ¢ for a free AT)e Ty LA E: LUE)eE; L(E)esA, (19)
Re(ll) ion. Much less is known about the orbital reduction factor This pasis allows us to reproduce the low energy section of the

for Re(ll), so it seems to be reasonable to considgs a fitting  Tanahe-Sugano diagram in a strong or moderate cubic crystal

parameter. , , field. There are several other electronic configurations that
3.4. Zeeman Interaction.Accounting for the fact that the  .qntribute to the&T,, 4Ty, 4T, 2A,, 2T4, and2E terms. One can

spin operator is the first rank_irredl_JcibIe tensor and the orbital expect that the effect of mixing of these states with the remaining

angular momentum operator is an irreducible tensaretype excited states originating from the excited electronic configura-

in the On group, one can presgnt the operator of Zeeman jons js small. At the same time, the Coulomb mixing of these

interaction in the following form: states with the states (eq 19) is weak because these states are
much higher in energy. For this reason, they are not included

_ — —1y0
Hz =Bkl +gH = f p il( 1) (KLqu T 9SiH1q in the basis set (eq 19).
o (14) N

4. Discussion

whereH:.1 = F(1/v/2)(Hx % iHy) andH1o = H are the cyclic Due to the trigonal symmetry of the ligand environment of

components of.the applied magnetic field axd'y, and Z. the Re(ll) ions, the magnetic susceptibility tensor has two
designate the trigonal axes. The approach to the evaluation Ofprincipal valuesyzz = 1 andyxx = vy = xo, related to the

the reduced matrix elements Cs-axis. These principal values are calculated using the formula

MSTYENSTSTIIL, |1t (ST (STHST'D (15)

2

0
KXo = NAkBT 2 In Z(Ha) (20)
of the angular momentum operator is developed in ref 1. These H, Ho—0
many-electron matrix elements vanishikf > 2. For|k| = 0, h ition f L b
one can find The partition function is given by
ST (ST)STIIL 1, IBS T (SIHST = 2H) =Y expEE(Hy)/(ksT) (21)

C(S S ITYA) |+ |1t0s g Og g Or v Osg (16)
(SHSIL T T 288,78, 8, R8s whereE;j(H,) are the energies of the system in the presence of

the external magnetic field. The susceptibility for a powder
sample is then calculated as follows:

x = (100 + 220 (22)

The model that we have developed should actually be referred
The results of the calculations of these matrix elements within to as an approximate jj-coupling approach. When considering
the adopted basis set are given in Appendix III. the model, the question arises: is the intricacy of the approach
Spin-operators in eq 14 act within each crystal field multiplet, really necessary to describe the data? So, let us consider the
eq 3, so the reduced matrix elements of spin-tenSgr results of a simpler model developed in our recent papéts
(operating on the spin variables solely) is diagonal with respect based on the true Russebaunders scheme in the limit of a
to all crystal field quantum numbers and can be written with strong cubic field approximation. In this model, the strong cubic

In the case ofk|] = 1, we obtain

S TENSTISTIIL 1 (ST HSTYST T
CASISTLSSIT) | [[eldsg (17)
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Figure 6. («,A/A)-diagram for the measured valuds= 0.205 41 cri
K mol~* andB = 0.001 363 2 crhimol~! (compound?2): (1) curve of
constant parameté for 1 = —2000 andl = —3000 cnt?; curves for
constant parametds for A = (2) —2000 and (3)-3000 cn1™.

field ground termZTz(tg) is split by the spir-orbit interaction
giving rise to a Kramers doublét; (ground) and a quadruplet
T's, and then the trigonal field produces splitting of the excited
quadruplet into two Kramers doubletd’s + I's (complex
conjugate representation of the double gr&@sp andTl's; and

J. Phys. Chem. A, Vol. 107, No. 50, 200B1107

Compound 1 Compound 2

Energy (cm™)

‘VC+Vtrig ‘VC+Vtrig+HSO ‘VC+Vtrig
Figure 7. The splitting of the four lowest cubic crystal field terms by
the trigonal crystal field and spiforbit coupling calculated with the
best-fit parameters.

k = 0.49 for compoun@. Along with the parameters andv’,
the alternative trigonal field parametellsy and Dt are also
commonly used in spectroscopy of metal compléX¥sThey

mixing of the ground and excited states. The magnetic propertiesare found to be the followingDo = —2418 cn?, andDr =
of the system in this approximation are determined by three 2991 cn* (compoundl); Do = —2607 cnT, andDt = 2976

parameters: spinorbit interaction {), orbital reduction), and
the energy gap, 8/2, determining the splitting of the cubic
2Tz(tg) term in the trigonal crystal field into an orbital singlet
2A; and a doubletE. Using the analytical expression fei
obtained within this modé®-2°we attempted to determine the
parameterg and A/A from the condition of least deviation of
the calculated from experimental. The experimental depen-
denceyT vs T can be described well enough by a straight line:

xT=A+BT

where, for instance, in compoudve foundA = 0.20541 crd

K mol~1, andB = 0.0013632 criymol~1. Substituting these
values ofA andB into the theoretical expressions fgf, one
can draw lines for the constant valuesf%o&ndB in the plane

of two variablesc andA/A. These curves are presented in Figure
6 for two values ofi, —2000 and—3000 cnt?, which cover
the range of reasonable spiarbit coupling parameters for 5d
ions. The parameték (which is independent df) is represented
by the curve 1 for both values @f and curves 2 and 3 represent
B for these two values of, correspondingly. One can see that

cm~! (compound2). The agreement defined according to the
least-squares criterion for

(IN) Z [(XT)expt = ((Mearcd 2/(X-I—)expt2

gave a relative error of 4.5 10~ 5 for compoundl and 9.1x

104 for compound2 (N is the number of the experimental
points). The obtained values ofare relatively small for both

5d compounds, which exhibit a higher degree of covalency than
that in analogous 3d compounds. Figure 2 shows a perfect
agreement between the calculajedvs T dependence (solid
lines) and the experimental ones. To clarify the meaning of the
rather large values obtained for the trigonal crystal field
parameters andv’, one can evaluate the splitting of the one-
electron cubic statextxo,x.) into the singlet o) and doublet
(x4) by the trigonal crystal field. The energy gap= €(x+) —

€(xo) between the singlet and doublet is determined both by the
diagonal matrix elements dfyig between theststates (these
matrix elements relate to the parametgand the off-diagonal
matrix elements connectindpx.Ostates with the stategu..[]
that are 1@q higher in energy (these matrix elements are

curve 3 lies lower than curve 1, but the curves corresponding expressed in terms af'). Solving the obtained % 2 matrix

to A andB do not intersect at any values efland A/A, which
means that the two parameterand A/A cannot be found to
determineA and B satisfying experimental data. This result

with the best fit parameter®q, v, andv' given above, one
obtains the following energy gapsA: = 5132 cnt! for
compoundl andA; = 4372 cnt?! for compound2. Comparing

seems to be evidence of the fact that the model restricted bythe gapsA; with the corresponding cubic field splitting D@,
the RussetSaunders scheme is unsuccessful for explaining the one finds that forl Ay/(10Dq) ~ 0.46 and for2 A¢/(10Dq) ~

giant TIP and smaly-factors of Re(ll) in the title compounds.

0.39. Both compounds are strongly noncubic, mainly because

After this realization, we proceed with the more general model of the mixed ligand set surrounding the Re(ll) ion. The scenario
described in the previous section. In this model, the energiesof the low-symmetry component of the crystal field being
that contribute to the partition function are obtained by means comparable to the cubic one is not extraordinary. A similar
of the diagonalization of the Hamiltonian 1, defined in the basis situation occurs in the reduced polyoxotungstate and polyoxo-

shown in eq 19. Using fixed paramet&s= 647 cnt!, C/B =
4.27, anct = 2100 cnt?, we obtain the following sets of crystal

molybdate anions of Keggin and DawseWells structure$:21
In these systems, the noncubic crystal field produced by the

field parameters and orbital reduction factors that provide the oxygen atoms surrounding the Ffoand WP ions is compa-

best fit for they T vs T curves: Dq = 1118 cnt!, v = —12 688
cmt, v’ = 10469 cntl, andx = 0.52 for compound. and
Dg = 1133 cntt, v = —12 021 cn1t, v' = 10 701 cn1?, and

rable with the cubic field.
Figure 7 represents the low-lying section of the full spectrum
(5A4, 2T, and“T, terms split by the trigonal crystal field and



11108 J. Phys. Chem. A, Vol. 107, No. 50, 2003

spin—orbit interaction) for both compounds, obtained with the
sets of the best fit parameters. Inspecting Figure 6 and the
Tanabe-Sugano diagram for’dons, one can see that the cubic
crystal field that provides the best fit proves to be relatively
weak Og/B = 1.73), so the ground state is indeed the high-
spin sextetBAy(t3e?) rather than the spin doubléTy(t) that
would be expected in the case of a strong field. This result does
not conform to the prevalent belief that 5d complexes are always
low-spin. After a survey of the literature, no representative was
found on crystal fields in octahedral or distorted Re(ll)
complexes. In this view, we would like to cftehe data on the

Dq values that are available for the trivalent heavy metal ions:
Mo3*(4d®) Dg = 2000 cnt! and WAT(5c8) Dg = 2800 cnl.
Taking into account that in systems of divalent ions the value
of Dq is usually approximately half of that for trivalent iohs,
the obtained value dbq for Re(ll) appears to be unexpectedly
low but nevertheless falls in the range of reasonable values.
Furthermore, it should be noted that the mixed ligand complexes
under consideration are far from ideal octahedral. In fact, the
trigonal component of the crystal field is found to be comparable
with the cubic one. Under this condition, different contributions
to the overall crystal field are inseparable and can give rise to
underestimated values f@q.

The low spin-orbit doublet?E becomes the ground state
because of strong trigonal crystal field splitting of #fe term
that results in the crossover of the levéls; and 2E. This
observation shows that Re(ll) is, in fact, low-spin because of
strong trigonal field even under the condition of relatively weak
cubic field. The fine structure of the grouf level (irrespective
of the structure of the basis functions) can be considered in the
pseudo-angular momentum representation in which the cubic
orbital triplet 2T, is associated with the pseudo-angular mo-
mentumL = 1, so the full angular momentuttakes on the
valuesJ = 1/, and?/,. In the axial crystal field, two Kramers
doublets originating from spinorbit splitting ofE correspond
to [My| = ¥, (3 = 1, 3,) and|My| = 3/, (J = %/,). In the case
under consideration, thgM;| = Y/, doublet proves to be the

ground sublevel, so one expects that the EPR spectra of thesg

Re(Il) compounds can be observed at low temperature. Within
the strong cubic field approximation, spiorbit splitting of2E

is kA (see Figure 1 in ref 20), and this value is reduced by the
trigonal field with respect to its initial valuel® in a cubic?T,
term1920As we shall see, the effect of mixing leads to reduction
of this gap, which is closely related to the observed giant TIP.

The level’E is close to the first excited levéA; (the energy
separation is around 311.6 ckifor 1 and around 645.2 cm
for 2). This proximity of the excited states is responsible for
the giant TIP of these systems. Then, the trigonal tefn%A ,,
and“E undergo spirorbit splitting into Kramers doublets (see
central part of Figure 7, the irreducible representations for the
Kramers doublets are not shown). The spambit splitting is
small as compared to the trigonal crystal field splitting because
of the strong covalence (smadlvalues).

The energy gaps between the ground and first excited
Kramers doublets in both compounds are close: 490'dor
1and 471 cm? for 2. At the same time, the energy separations
between these two Kramers doublets and those arising from
the splitting of the’A; term for compound. are approximately
2 times smaller than those f& (Figure 7). As a result, the
wave functions of two low-lying Kramers doublets for com-
poundl contain a more significant weight from %4, states.

In fact, for compoundl, the total weight of théA; states in
the wave function of the ground Kramers doublet is character-
ized by the valuepi(®A;) = Yme/Ci(®A1,Ms)? ~ 0.13, while
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Figure 8. The influence of théA; term on theyT vs T dependence.
xT vs T curves were calculated with the best fit parameters (1) for
compoundl with the full basis, (2) for compoun@with the full basis,
(1a) for compound. with the reduced basi$A; states are excluded),
and (2b) for compoun@ with the reduced basis.

for the first excited Kramers doublet, this value is even higher,
02(°A1) ~ 0.2. In compoun@, these values are much smaller
(p1(®A1) ~ 0.06,p2(°A1) ~ 0.08), which accounts for the smaller
values of the low-temperature effective magnetic moment and
TIP (Figure 2). In fact, the more significant weight of ;-

state in both low-lying Kramers doublets promotes their efficient
Zeeman mixing, thus increasing the large TIP values. The role
of the ®A;-state can also be demonstrated by means of the
numerical simulation of the dependenceydfvs T in the case
when this state is excluded from the basis set (eq 19). Figure 8
shows that this exclusion leads to the appreciable decrease of
«Tin such a way that thgT vs T curves become nearly identical
for both compounds. The small difference between the curves
for 1 and2 in Figure 8 is due only to the influence of th&;

term, which gives rise to the second excited group of Kramers
doublets. Therefore, we arrive at the conclusion that the splitting
and mixing of the three low-lying cubic tern?d,, %A, and

T1 by the strong trigonal crystal field and spiorbit coupling

are of crucial importance for the understanding of the unusual
magnetic behavior of the rhenium(ll) complexes under study.
One can observe a noticeable deviationydfvs T from a
straight line for compoun; this can be attributed to the
population of the low-lying levels so that the Van Vleck
paramagnetism cannot be referred to as temperature-independent
to a full extent. This can be considered as indirect evidence for
the obtained energy pattern containing a closely spaced set of
the low-lying levels.

Because the magnetic measurements were made on powder
samples, the experimental data regarding the magnetic aniso-
tropy are presently unavailable. So, at this stage of our study
of Re(Il) complexes, we can only make some predictions that
follow from the theoretical considerations. Figure 9 shoys
and yoT calculated with the sets of best fit parameters. It is
clear that both compounds are strongly anisotropic witbza
easy axis of magnetization that is peculiar to the magnetic
behavior of the Kramers doublet systems carrying strong
contribution of the orbital angular momentum. For example,
for 1, (iT)r—0 = 0.8 cn® K mol~t and fnT)r—o = 0.03 cn¥ K
mol~1; the degree of the low-temperature magnetic anisotropy
defined as iir—o — yor—0)/x7—o is also very high: 2.57 fol
and 2.38 for2. The model also predicts strongly anisotropic
g-factors that are closely related to the strong orbital contribu-
tions to the ground Kramers doublg#, = ¥, in both
compounds:g; = 2.9,gn = 0.7 (compoundl) andg, = 2.4,
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@, parameters providing the best fit to the magnetic data. The
' 1 energy levels with and without allowance of spiorbit interac-
104 tions are presented. The transitions that are responsible for the
. | most intense broad absorption band in the range-3®0 nm
S o8 3 are also shown. These transitions occur from the ground
€ ] Kramers doublet to the excited Kramers doublets that appear
b 064 2 as a result of the spinorbit splitting of the trigonal terms with
E S=1/,. Because this splitting is small compared to that produced
= 04 by the trigonal crystal field, we can regard the relevant optical
transitions as the spin-allowed ones. It is noted that the transition
024 energies are higher for compoud which accounts for the
observation that the maximum of the absorption band for this
004 compound is blue-shifted with respect to the maximum for

compoundLl. Both the observed positions of these maxima and
the half-widths of the bands are in qualitative agreement with
the scheme of the transitions (Figure 10) based on the parameters
(b) 1 obtained by the best-fit procedure for the magnetic data.

077 It should be mentioned that the calculations also predict the
presence of electronic transitions in the infrared region between

T T T T T T 1
0 50 100 150 200 250 300
Temperature (K)

P o8 ] / 3 4000 and 6000 crt for both compounds. A band in the same

T 054 2 wavelength range was observed inltXs (X = Cl, Br, 1).22

E The band formed by these lines can be attributed to the

“c 044 transitions between the ground Kramers doublet and the set of

O Kramers doublets originating from the trigoRal; and*E terms

= mixed by spin-orbit interaction. These transitions are depicted
0.2 in Figure 10 by the dashed arrows. The observed diffuse

reflectance spectra for both compounds (Figure 4) show a series

0.14 of transitions just in this spectral area. It is remarkable that the
0'0’ . [ . . energy pattern obtained predicts a general shift of the lines in

o s 100 150 200 250 300 the NIR region for compound that correspond very well to
the experimental data. The calculated pattern also predicts a
gap between the set of the low-lying levéls 2A4, “E, and the
excited states, 500012 500 cnl. The gaps are approximately

Temperature (K)

Figure 9. Anisotropic contributions tg T calculated with the best fit
parameters for (a) compourddand (b) compoun@: (1) ;T; (2) xoT;

(3) powderyT. the same for both compounds and can be considered as an origin
of the observed plateau in the diffuse reflectance spectra in just
Compound 1 Compound 2 this region. For a detailed description of the shape of the
s 32 o 3/2 electronic absorption bands and accurate assignment of the
250004 w = = = = % complicated picture of the observed transitions in the absorption
and diffuse reflectance spectra, the vibronic interactions must
20000 12 == —" ¥ be included in the model. Nevertheless, the brief discussion of
'TE ] 1:2§ :gw this issue presented here along with the detailed discussion of
8 tisned 32— ——312 the magnetic data indicate that the proposed model has a tangible
= 32 — 3 ground. More comprehensive considerations of the optical and
@ magnetic properties also require the allowance for aJalefier
& 100004 interaction in the ground manifold, as well as in the excited
states, leading to a rather complicated vibronic problem. In our
Bo00 w — * — 3 previous workl®2% we considered the manifestations of the
&2 : P s Jahn-Teller interaction in the limit of a strong cubic crystal
@ 1w - — field. To avoid overparametrization of the theory, we did not
include this interaction in the present consideration. It should
‘V +V I ‘V +V +H I ‘V +V I also be noted that th_e d_e_tailed st_udy of the single-crys_tal samples
)] 20 could be of great significance in the study of the title Re(ll)

Figure 10. The scheme of spin-allowed transitions responsible for the compounds.
observed and predicted electronic absorption bands.

5. Concluding Remarks
go = 0.7 (compound). The derived conclusions can be used g

for further justification of the model providing that the measure-  In this article, we present magnetic data for two complexes
ments of EPR and magnetic susceptibility on the single-crystal of Re(ll): [Re(triphos)(CHCN);][BF 42 and [E4N][Re(triphos)-
samples are available. (CN)3]. We developed a model that can be referred to as an
Unfortunately, as yet we do not have single-crystal EPR and approximate jj-coupling scheme, which accounts for a strong
magnetic susceptibility data that can provide rigorous support spin—orbit interaction and a trigonal field operating in the
for justifying the model. In this situation, we address the results truncated basis of strong cubic crystal field terms. The proposed
of our measurements of absorption and diffuse reflectance in amodel allowed us to elucidate the origin of the anomalously
wide spectral area, from 200 to 2600 nm. Figure 10 shows the strong Van Vleck paramagnetism and relatively srgdhctors
energy patterns for compoundsand 2 calculated with the for the ground state. Beyond simply fitting thd@ vs T data,
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the energy pattern of Re(ll) obtained with best fit parameters 3 1 .- J3 -
provides a qualitative explanation of the optical absorption bands t5CT e E)4T1a‘ = §|§§77§U| - 7|§§77§U|
observed in the range 35650 nm and diffuse reflectance
spectra in a wide range 26@600 nm, which can be considered _ _

as an additional argument justifying the model. We have also tzzl(ng)e(zE)“Tzng: - ?lf&’?gul - %Ifé’?gvl
shown that the LS-coupling approach in a strong crystal field
limit cannot explain the unusual magnetic behavior of the Re(ll)
complexes under investigation. The theoretical considerations
herein predict extremely strong magnetic anisotropy of the titled
compounds withCs easy axis of magnetization.
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Appendix | HCT)eCE) Ty IV1 15T )eCE) T,0= @’v,
The determinant wave functions of &idn for the selected  [#(*T,)eE)*T, ||V, [I5CT)ECA,) T, 0= ivv,
term;,Ms = S(symbolMs is omitted)_, fo]low; only one pasis 2 V2
Igntﬁtéotnegggmoigflzr;g:sgieg(lejga(:z.term is given; cubic basis related [tg(3Tl)e(2E)4T2||VT2||t‘2‘(3T1)e(2E)4T2D= _ %ZU’
ti’,ZTzs%D: &Nz BT YeCE)'T,IIV1 [IBCTIECA) T,0= %z
B - B,2T,| [V |[5,2T,0= —v/2v,
GOTIRCE T8 = — o jeEneul + ezl + 3} R
8,7l IV ICT)eCE)T,0= —
V3 o NEE.
72|§§77gv| - 2—\/§|§§77§U| , N NG
g 5,2V, I T e CEF T,0= — 5
4 oever (A L ee o 1 e
GCTDeCEI o5 = — ~HJeEnetl + ieknsul + T )RRV ECT)eCEr T~ Lo
L eEeu — LeEnen) + —jgEncu] + ——IEEnzul NP e e 1
272 J6 26 26 B T)eCEY T,V |15( T)eCENT, 0= N
GCTYeCEP T 0 =~ bl — iekneu - TCT)CEF TV JIECT )eCEV T, =~ 2,
1. 1. _ 1, .= _ 1 .- 1
—_ - + — 4+ — 1 2—\2 4,1 2—\2 _+
5 \/éléénGUI ﬁIEEngl 5 &lééngvl 5 ﬁlf&ygvl B('To)eCEYT, IV |I5( T eCEY'T, = 75
t5(To)eCE) T a 2D: - 7l5§ﬂgul + iflEéngUI B(E)eCEN AV It T,)eCEfT,C= — \@U,
L eEs L oeE - IA)eCEVE| |V, |ICT EZTD=—2‘/_
2&|§§ngv| + 2ﬁ|§§77gv| M(A)eCEYEIVL I5('T,)eE) Nk
t(‘E)e(E)’ EU-D— Lyl + —LigEqzul - G E)eCEVEIIVy 16 T)e(E) T, 0= «/%“-
\/_ 2\/— 1 2—\2 5 2
. M(AeCEVE|Vy |15 T,0= V2,
—|§§777‘7UI + Elnﬁgivl - §|§£g§v| :
V3 H(E)eCEVEIV L 15,T,0= —v2v',
tg(lAl)e( E) EU_D: _(|§f7777u| + |§§§§U| + [77s5ul) [ﬂ‘z‘(lAl)e( E) ElIV, ||t2(1T2)e( E)2T2D= _ 2\/‘/5—
GCE)eCEN A= el - 7'55%”' + TCE)CEVEIN (T eCErT,0m o 20,
ﬁlé&mvl - 5|m7g§u| + EIEEgEUI 35,271 IV, 15T e CEY T, 0= %21)',
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2 4,1 212 3
STV |IGCT)e(E) T, 0= — —',
[ﬂg 2V U T 1 /2

MBCTYCE) T,V ICT)eCE)T, 0= \/gv,

(' T,)eCEY T,V | 1t('T,)eCEYT, 0= — \/gv

Appendix 111

Reduced matrix elements of the orbital angular momentum

operator within the adopted basis set are

MCTYeCE) T, IL, IECTYeCE)'T,0= \/g’i,
ECT)eCE) T, IL 1T )eCE) T, 0= %i,
BCTDeCE) TlIL 1 [IECTIECA) T.0= V3,
TCTYRCENT, L 4T )eCEYTi= —y /3,
BCTeCE) TlIL 1 [IECTIECA,) T,0= -3,
BCTYECA) TIIL 1 IECTIECA,) T 0= —V6i,
35,2, /L1 ||, T,C= Vi,
BTl L1 [1GCT)eCEFT,0= 3,

35, °T,l L 113" T,)eCE)’T, 0= —3i,

BCT)eCERT,I Ly IICT)eCENT, 0= — \/% ,

B T)eCEY Tl 15 T)eCE) T,0= \/%,
HCTYRCET, L CTDRCEPT,Om o /3,
ECT,)eCERT, 1L, LT )eCEYT, 0= —1 /3,
: 2
M('E)eCEVElIL 1, |I('T,)eCEYT,0= Vi,

H(A)eCEYVEl L |15 T,0= 2,
MCE)eCEVEl Ly, |I165°T,0= —~2i,

M(E)eCEYElIL [1G('T,)eCENT, 0= —V6i,
M(E)eCE)AlIL 1 | 15( T)eCENT,C= V6i,
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BT,lIL 1 lI6CT e CEY'T,0= 3V3,
BT,/ IL 1 I T)eCEYT, 0= V3,

BCT)eCE)T,) L It4CT,)eCE)T,[= %2 i
(T )eCEFTIL 1 |IE(T)eCENT, = — -,

V2
B(E)eCENA,lIL [[t5.7T,0= 2i
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