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Abstract: A low-temperature (ca. 12 K) cubi®@3) to orthorhombic Pbcg phase transition of thg-alum CsTi-
(SOy)212H,0 has been characterized by High Resolution Powder Neutron Diffraction and EPR measurements. Single
crystal Raman spectra of the corresponding rubidium alum, RbE)¢SIQH,O, show that a phase transition from

the S-alum structure also occurs over the temperature rangEb3K, with the spectroscopic changes remarkably
similar for the caesium and rubidium salts. The structural instability of the titanium(lIl) alums is not evident in the
corresponding salts of larger or smaller tervalent cations and hence is interpreted in terms of the electronic structure
of [Ti(OHy)g]3+. It is proposed that in the high-temperature cubic phas&tsite symmetry lifts the degeneracy

of the bg (Or) orbitals to leave theg(Ss) orbital set lowest lying. The resultafiy (S) ground term is subject to
Jahn-Teller coupling with gphonon modes. The phase transition is interpreted as arising from a long-range interaction
between the Jahn-Teller centers in the lattice giving rise to a cooperative Jahn-Teller effect. The proposed electronic
structure of [Ti(OH)g]®" in CsTi(SQ)12H,0 is consistent with the framework used to describe other tervalent
aqua ions but is at variance with the current interpretatioi40 years standingwhich was based on the premise

that the site symmetry of the tervalent cation is retained at all temperatures. The long-standing problem of the
anomalous ground statpvalues of [Ti(OR)g]®" in CsTi(SQ)2:12H,0 (g = 1.25 andgn = 1.14) is shown to arise

as a conseguence of the low symmetry distortion which results from a lowering of the site symmetry of,JgJ{OH

from S (Pa3) to C; (Pbca).

1. Introduction

With a single 3d electron, [Ti(OfJe]3" has served as the
prototype for crystal fiell and ab initio molecular orbital
calculations of transition-metal complexesThe titanium(lll)
hexaaqua cation, while oxidatively unstable, is sufficiently inert
in the caesium sulfate alum, CsTi(§912H,0 (CsTiSH), to

nondegenerate?Ay) ground termt5-14 This interpretation
appears to be inconsistent with that of thé 8ation, vanadium-
(1), where analysis of the magnetochemistry® and electronic
spectroscopy 2! of the alums suggests that the the orbital
degeneracy of théT4 (On) term is lifted by the trigonal field
to give an orbitally nondegenerate ground teffgf. Thus,
the current interpretation of the electronic structure of [Ti-

permit spectroscopic and magnetochemical investigation. The (OHy)g)3t and [V(OH)g]®" in the S-alum lattice requires that

salt is ideally suited for such studies being magnetically dilute

(rri—i ~ 8.7 A) with high crystal Pa3) and site &) sym-
metries®# Despite these factors, elucidation of the electronic
structure of [Ti(OR)e]®" in CsTiSH has remained elusive. The

numerous models assume that the trigonal symmetry of the
tervalent cation is retained over the whole experimental tem-

(5) Benzie, R. J.; Cooke, A. HProc. R. Soc. London, Ser.1®51, 209,
9-278.
(6) Bleaney, B.; Bogle, G. S.; Cooke, A. H.; Duffus, R. J.; O'Brien, M.
C. M.; Stevens, K. W. HProc. Phys. Soc. London, Ser.1855 68, 57.
(7) Bose, A.; Chakravarty, A. S.; Chatterjee, Roc. R. Soc. London,
Ser A196Q 255 145. Bose, A.; Chakravarty, A. S.; Chatterjee liRlian
J. Phys.1959 33, 325. Dutta-Roy, S. K.; Chakravarty, A. S.; Bose, A.

perature range and that the trigonal field lowers the orbital Indian J. Phys1959 33, 483.
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the splitting of the one-electron orbitals of thg orbital set be neutron diffraction from CsMo(Sg-12D,0,3! which shows
reversed for the respective ions. For the caesfuatums the significant spin transfer normal to the plane of the ligand but
M" Qg octahedron is regular and the neutron structures confirm no significant spin transfer in the metdigand plane. This

that the mode of water coordination is trigonal plaffar® result is consistent with simple considerations of the metal
Ligand field calculations suggest that the magnitude of the ligand bonding.

trigonal field splitting of vanadium(lll) in thes alums is too The interpretation of the electronic structure of titanium(lIl)
large to be explained by a distortion of the!®@s framework in CsTiSH has relied on the assumption that the metal site retains
but requires an anisotropy in the metataterz interaction?° trigonal symmetry over the whole experimental temperature

It follows that the sign of the trigonal field depends on the range. The ground stagvalues ¢ = 1.25 andgn = 1.14)
orientation of the plane of the water molecule relative to the for titanium(ill) in CsTiSH have been used to exclude the
MO framework together with the relative magnitudes of the POSsibility that the trigonal field results in“&, ground term,
metal-water interaction in and normal to the plane of the water SINce in this case the lowest lying Kramers doublet is predicted

. : . be non-magnetic wity, = 2(1 — k) andgn = 0, k being the
molecule?* A difference in the ordering of the;and g (S) tob ) o ;
components of thex§ orbitals therefore implies either a gross orbital reduct}on factof. Howeyer, the argument aggms%@ .
change in the orientation of the coordinated water molecule, ground term is not valid if the site symmetry of titanium(lll) is

with a concomitant change in the hydrogen bonding interactions reduced at low temperatures since in th|s_, Instance goﬂmd

or a changeover in the relative magnitudes in the strength o% go can be.non-z_ero. Raman, EPR, and h|gh_—resolut|qn powder
. L neutron diffraction results are presented which permit charac-

the metatwater Interaction In and normal to the plang of the erization of a low-temperature phase transition of CsTiSH and

ligand. We propose that neither of these explanations is te”ableidentify an analogous phase transition of the corresponding

but that the basic assumption regarding the sign of the trigonal . ,pidium salt. In both cases the structural instability is

field for the titanium alum is in error. associated with the electronic structure of [Ti(§d}f*, where

The sulfate alums have the general formul&¥ (SQy),: the trigonal field leaves an orbitally degenerate ground term
12H,0 and occur in three modifications:, 8, and y—all of for the d cation. The [Ti(OH)g]" cations are subject to Jahn-
which crystallize in the cubic space groBp3.3426 TheS-alum Teller (JT) coupling with g lattice vibrations giving rise to a
modification occurs most generally when' M large,e.g.Cs, cooperative Jahn-Teller effect. The anomalous magnetochem-
but also occurs with smaller monovalent cations when the istry and ground statg values for CsTiSH can be readily
tervalent cation has unequal occupancy of tetbitals €.g. explained in the light of the phase transition. The significance
Ti2L27 and V212723, The hydrogen bonds which involve the of these results is to resolve the basic interpretation ofithple
water molecule coordinated to the highly polarizing' Mation d* cation titanium(lll) and, more importantly, to show that the

are the strongest in the lattice and these are important ininterpretation of the electronic structure of metal hydrates is
determining the relative arrangements of the different groups highly sensitive to metatligand 7 interactions and that these
within the structure. For thg alums the plane of the water ~May be interpreted within a common framework.

molecule coordinated to WM makes an angle of less thaa.
2° with the M"—0O bond vector and is rotated about the-K2
bond vector by between 19 and°Z midway between that Large single crystals of CsTiSH and RbTi(§£12H,0 (RbTiSH),
required forT,, andall-horizontal Dyg symmetry. The magnitude  suitable for single-crystal Raman spectroscopy, were grown from
of the trigonal field is considerable, based on the splitting of Sulfuric acid (1 mol dm?) solutions of the appropriate salt using a

f - . : thermal gradient technique described previod&kDeuterated samples
the energies of thed(Oy) orbitals for vanadium(ll) determined of CsTiSH were prepared from repeated (3 times) recrystallization of

. — 3 . o o
directly GEQ Ag electronic Raman bats 1), or indirectly the salt from?H,SO, (99 atom %?H). All solutions of titanium(lll)
(e|eCtr_0n|C spectr?:ﬂ magnewChem'St@)v and is too Ifarge_ 10 were deoxygenated and handled under an atmosphere of dinitrogen or
be attributed to distortion of the M@ramework. Thisimplies  argon.

a significant difference in the metalvaters interaction in and Raman spectra were obtained using a SPEX 14016 spectrometer in
normal to the plane of the ligand (anisotropic metahter conjunction with a Burle GaAs 31034 photomultiplier tube with single
interaction). This interpretation was used to rationalize the near Photon counting. Excitation was provided by Coherent CR3000 K Kr
all-horizontal Dy geometry of [V(OH)e]3* lying on a site of or 118 Ar' lasers. Low-temperature spectra were obtained using an

. Oxford instruments MD4 cryostat, the sample being maintained in a
: 29
Ci symmetry in the salt [V(Objel[HsO2](CFsSO;)s* and the helium exchange gas. The temperature of the sample was estimated

all-vertical Dsg geometry of [Ti(OH)e]** in the amorphous solid o the relative intensities of the Stokes and anti-Stokes Raman bands
of a 2-propanol/BO mixture®® The most direct evidence for  or, at liquid helium temperatures, from a Rh/Fe resistor attached to the
the anisotropic metalwater interaction derives from polarized sample holder. Details of the factor group anaRsizand assignment
of the Raman spectra of the aluth®3® have been published

2. Experimental Section
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X-band EPR spectra were obtained using a Bruker 380e spectrometer. 5.0
Samples doped with chromium(lll) were made by cocrystallization of
CsTiSH and CsCr(S£»°12H,0 in deoxygenated sulfuric acid (1 mol
dm=3). Single crystals were mounted on a perspex rod and sealed under 4.5
a partial atmosphere of helium to assist conduction. The temperature
of the cavity was monitored using a copp@onstantine resistor.

Neutron time-of-flight powder diffraction data were collected on 4.0 1
CsTi(SQ),+12D,0 (CsTiSD) using the high-resolution powder dif-
fractometer HRPE at the ISIS spallation source. Approximately 5 g
of CsTiSD single crystals were ground in a dry nitrogen atmosphere 35 ]
and loaded into an aluminium can of slab geometry, 1 cm thick, with
thin vanadium front and back windows. Heat could be supplied directly
using a cartridge heater placed in the side wall of the can; -afeh
sensor was placed in the opposite wall. To avoid Bragg scattering
from the can, sensor, and thermocouple, a thin gadolinium absorbing
mask was screwed to the front of the can that faced the incident neutronz=
beam and the high-resolution backscattering detectors. The screws wereg
masked using thin cadmium foil. The sample was loaded into a
standard, vanadium tailed ILL “orange” cryostat which permitted
temperature control over the range 210 K. The powder data sets
were background subtracted, normalized to the incident flux distribution,
focused to a flight path of 95.9632 m at & &f 168.33, and finally
corrected for detector efficiency. Data were collected in the time-of-
flight range 36-130 ms, which corresponds todaspacing range of 104 16K
0.6-2.6 A in the backscattering detectors. At a few temperatures some
data sets were collected with a time-of-flight frame of £220 ms
(2.4-4.4 A) to study the temperature dependence of the low index 0.5
Bragg reflections 004, 222, 220 in order to locate and characterize the
nature of the phase transition. Data collection corresponding to 150
uAh of incident proton beam current were made at 1.6 and 20 K for 0.0 T T T T T T T
crystal structure refinement of the low- and high-temperature modifica- 0.0875 0.0900 0.0925 0.0950 0.0975 0.1000 0.1025
tions, respectively. The 120Ah data collections were made at 50

Time-of-Flight/seconds
and 100 K to further characterize the cubic phase. A number of short _. h ifract f .
20uAh runs were madetd. K intervals from 6 to 14 K, followed by Figure 1. The powder neutron diffraction pattern of CsTi($£12D,0

runs at 16, 20, 30, 40, 60, and 80 K to follow the behavior of the unit recorded using HRPD in backscattering geometry. The time-of-flight
cell parameters through the transition. range (0.0866:0.1040 s) corresponds todespacing of 1.722.08 A.

Data collection was integrated over 150 (1.6 and 20 K) or 20 (12 K)
3. Results #Ah of incident proton beam current.

20K

3.0

12K

eutron Counts

2.5 4

2.0 1

Normali

HRPD. The powder data sets show that the Bragg peaks 0o
which index to the high-temperature cubic unit cell become split %
as the temperature is lowered to below 12 K indicating the a4 O
presence of a structural phase transition (Figure 1). The o
temperature dependence of the diffraction pattern shows no
evidence for hysteresis and is fully reversible. The line profiles o

were analyzed using a fully Bayesian appro#tiConsideration T 12414 o
of hhhandhhO reflections suggested that the cell is metrically *g,
orthorhombic. The diffraction data at 1.6 K are found to be 8

consistent with the orthorhombic space gréthza a subgroup 8 1240 4

of the alum aristotype space grola3. In the orthorhombic g

phase the site symmetry of [Ti(Q)]®" is lowered fromSs to 0&
Ci. a
The variation of the unit cell dimensions with temperature is 12.39 a
shown in Figure 2. In the cubic phase the change in lattice A
constant with temperature follows a simple Einstein expression §

(a = 12.40073+ 0.03089/(exp(138) — 1)). In the ortho- 12.38 T Y T T T
rhombic phase there is a significant increase in one of the cell 0 20 40 60 80 100
parameters giving an overall increase in the unit cell volume Temperature/K

on transforming from the cubic to the orthorhombic phase. To kg ,re 2. The temperature dependence of the unit cell dimensions of
the precision of the data the phase transition is type Il and CsTi(SQ)2+12D,0 between 1.6 and 100 K; designates the unit cell
continuous. The structure of the cubic phase of CsTiSD was dimension in the cubic space gro@@,’_ﬁ’ and, O, and A designate
solved using Rietveld methods at temperatures of 100, 50, andthe unit cell dimensions in the orthorhombic space grBbpa

20 K, using the program TF12L%,on data collected over
extended acquisition periods {20 uAh). The structures are

in close agreement and a summary of the unit cell, data

collection, and refinement parameters for the 20 K structure is
given in Table 1. Atomic coordinates and structural parameters
are presented in Tables 2 and 3, respectively. A table of unit
~(39) Johnson, M. W.; David, W. I. F. HRPD: The high resolution powder cell parameters in the temperature range-10@4 K and a
diffractometer at the SNS. RAL Report. RAL-85-112, 1985. figure showing observed, calculated, and residual for the 20 K
(40) Sivia, D. S.; Carlile, C. . Chem. Phys1992 96, 170-8. - . . . .
(41) David, W. 1. F.; Ibberson, R. M.; Matthewman, J. C. R. RAL Report. Rietveld refinement of CsTiSD are available as Supporting
RAL-92-032, 1992. Information.
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Table 1. Crystal Data for the 20 K HRPD Structure Determination
of CsTi(SQ)»*12D,0

Table 3. Bond Lengths (A) and Angles (deg) that Define the
Coordination Environments in CsTi(9)212X,0

formula CsTi(SQ):12D,0 HRPD, X=D X-ray, X=H
shorthand Qesignation CsTiSD () SO7-
e 22 g
z 4 » ' '
O(1)-S—-0(2) 109.7(2) 109.6(2)
temperature/K 20 o
A 12.40081(1) 0O(2)-S—-0(2) ) .109.2(2) 109.3(2)
U/A3 1906.998(5) (ii) [Ti(OX 2)6]**
Deaicdg cT 3 2.13 Ti—O(b) 2.025(2) 2.028(5)
wavelength range/A 0:64.4 O(b)-Ti—O(b") 90.47(7) 90.8
data collection technique time of flight Laue (iii) Cs*
no. of unique reficns in final I.s. 1180 Cs-0(2) 3.497(2) 3.493(5)
function minimized SWIFo — F¢l? Cs—0O(a) 3.296(2) 3.314(5)
Enjb 8-8§§ O(a)-Cs—0(a) 60.01(5) 60.9
X2cp 11.78 (iv) Water Molecules
O(a)y-X(al) 0.976(2) 0.875(149)
3Ry = Y|Fo — Fel/YFo. PRup = [JWIFo — Fel¥YWFAY2 €2 = O(a)-X(a2) 0.976(3) 0.875(128)
[>W(Fo — F)3/(N — P + C) whereN is the number of observations, O(b)—X(b1) 1.000(3) 0.976(122)
P is the number of variable€; is the number of constraints. O(b)—X(b2) 0.989(3) 1.046(116)
) ) ) H(al)}-O(a)-H(a2) 102.8(2) 89.5(9.5)
Table 2. Atomic Coordinates and Isotropic Temperature Factors H(b1)—O(b)—H(b2) 108.5(2) 118.1(10.2)
from the 20 K HRPD Refinement of CsTi(S)212D,0 (v) Hydrogen bonds
V) Ry
atom X y z Bso X(a1)--0(2) 1.810(3) 1.89
Cs 0.5 0.5 0.5 0.099(56) X(a2)--0(1) 1.843(3) 1.98
Ti 0.0 0.0 0.0 0.193(83) X(b1)-+-O(a) 1.606(3) 1.66
S 0.32738(22)  0.32738()  0.32738() 0.337(85) X(b2)---0(2) 1.661(3) 1.60
O(1) 0.25793(14) 0.25793)  0.25793() 0.570(46) 8(?;(2%):::8(5) g‘z‘-?(g) gg
O(2) 0.28082(14)  0.33427(14)  0.43645(13) 0.319(29) (b)— (b y+-0(1) 1(2)
O(a) 0.05362(16)  0.20722(16)  0.34241(14) 0.484(30) 8gbg—§§bg"ggg %;2-2(%) ig;%
D(al) 0.01044(14) 0.22869(13) 0.28020(13) 1.328(33) - :
D(a2)  0.12724(15) 0.22032(14) 0.31788(14) ~ 1.344(35) a Calculated from the atomic coordinates given in ref 40; note the
O(b) ~ 0.16332(14) —0.00113(15) —0.00021(15) ~0.390(21) different labeling scheme and error in sign of coordinates of Ow(2)
D(bl) 0.21204(15) —0.06102(14) 0.02303(14) 1.152(37) (y/b should be—0.00024).
D(b2) 0.20834(15) 0.06046(15) —0.02347(13) 1.196(34)

crystal data at 20 and 1.6 K using SXD at ISIS. The

The structural parameters derived from this analysis are in low-temperature crystal structure is currently being determined.
excellent agreement with those obtained from the 100 K X-ray  EPR Spectra of C#*-Doped CsTiSH. The influence of the
structure of CsTiSK (Table 3) although, as expected, there is phase transition on the site of the tervalent cation has been
significantly greater precision in the coordinates of the hydrogen examined by EPR spectra of chromium(lil) doped into CsTiSH
(deuterium) atom positions using neutron techniques. The (Cs[Ti:Cr]SH). The concentration of chromium(lll) in solution
[Ti(ODy)g]3" cation is characterized by a Ti@amework which wasca. 0.01% of the total tervalent cation concentration. At
is little distorted from octahedral and the coordination geometry this low dopant level it is presumed that the chromium(lll)
of O(b) is trigonal planari.e. the angle between the plane of centers are homogenously distributed and do not significantly
the coordinated water molecule and the-Ti(b) bond vector affect the structural chemistry of the host lattice. At temper-
is 0.6(3F. The angle between the plane of the coordinated water atures abovea. 15 K, the EPR spectra of Cs[Ti:Cr]SH are in
molecule relative to the TiQframework, ¢, has a value of  keeping with those of a wide range of chromium(lll)-dogd
—20.5(3Y, i.e. intermediate between that givirky, symmetry alums?*? Lines corresponding to the four chromium(lil) cations
(¢ = 0°) andall-horizontal Dz (¢ = —45°), which is in close per unit cell are found, each chromium(lll) center being axially
agreement with that obtained for caesium sulfagdums 19° symmetric with the principal axis directed along a 3-fold axis
< ¢ < —23). ltis important to note that the hydrogen bonds of the unit cell. The value of the zero-field splitting parameter,
involving the water molecule coordinated td'Mare relatively D, was determined from spectral line positions when the external
strong and linear (6H:--O ~ 18C°) and that independent of  magnetic field was directed along tizeaxis of the magnetic
the hydrogen atom coordinates, the orientation of the water complex. In this instance, the spin Hamiltonian describing the
molecule coordinated to WM can be estimated from the spectrum is given by,
appropriate oxygen atom coordinatsThere is close agree-
ment between the conformation of the water molecule coordi- Ho=g,1sSB, + D[S/ — ,.S(S+ 1)] (1)
nated to titanium(lll) whether deduced from the hydrogen or
oxygen atom coordinates, and in the latter case whether the At 15 and 298 KD was determined to be532(5) x 1074
X-ray or neutron structure is used. and —590(5) x 104 cm™!, which are typical values for

For the low-temperature orthorhombic phase, the number of chromium(lil) within the 8 alum lattice?® It is inferred,
atoms in the asymmetric unit increases by a factor of 3, and therefore, that from 298 to 15 K, CsTiSH shows no structural
due to the strong pseudosymmetry present in this phase, theanomalies on the EPR time scale.
structural parameters derived from Rietveld analysis have large The temperature dependence of the single-crystal EPR spectra
estimated standard deviations compared to those determined irof Cs[Ti:Cr]SH, with the [100] direction of the crystal aligned
the cubic phase. In order to elucidate the structure of the low- closely with the external magnetic field, is shown in Figure 3.
temperature phase of CsTiSD, we have recently collected single-Along this direction, the principal axes of all four chromium-

(42) Sygusch, JActa Crystallogr.1974 B30, 662—665. (43) Manoogian, A.; Leclerc, Al. Chem. Physl975 63, 4450-4455.
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Figure 3. Variable-temperature EPR spectra of chromium(lll)-doped
CsTi(SQ).:12H,0 with the field aligned along the [100] direction of
the crystal.

Intensity —

(Il cations in the unit cell make the same angle with the
magnetic field in the cubic phase. Two of the three allowed
transitions are practically coincident being centered at 3374 G;
the third transition occurs at 3598 G. The spectra recorded at
9.3 and 6.3 K show a clear splitting of all three EPR bands
indicating that the chromium(lll) centers are no longer magneti-
cally equivalent at these temperatures. Although at present we
have insufficient data to determine the spin Hamiltonian
parameters, we have undertaken spectral simulations which show ; | | | , , |
that the general appearance of the spectrum at 6.3 K can be 250 200 150 100 50,0 50 -100
reproduced only by assuming that, in addition to the nonequiva- Wavenumber / cm

lence of the four chromium(lll) centers, they are no longer Figure 4. Raman spectra of a randomly oriented single crystal of RbTi-
axially symmetric. The EPR spectra of chromium(lll) doped (SQ»)2:12H0 at 4, 15, 70, and 190 K (step size 0.4 ¢mspectral

into a range of lattices have been previously recorded down to bandwidth 2.93 cm" at 75 cnt*; integration time 2 s; 25-mW, 413-

4.2 K and no such behavior has been ndfed:hus, the EPR nm radiatic_)_n at '_sample). The laser was attenuated when scanning close
results from Cs[Ti:Cr]SH must be interpreted in terms of a gross © the exciting line.

structural change of the host lattice between 15 and 9.3 K with
an associated lowering of the site symmetry.

Single-Crystal Raman Spectra of RbTi(SQ),:12H,0. The
single-crystal Raman spectra of CsTiSH differ from those of 200 K to 22 cm? on cooling to 15 K but which exhibits a
the. corresponding first-row transition metals and group 13 marked reduction in half width and an increase in wavenumber
cations by the presence of an intense low-wavenumber band of

. - on further cooling. Splittings are evident for several higher
Eq symmetry which shifts to lower wavenumber on coolfig® wavenumber bands in spectra recorded below 10 K. The Raman

The Waven_u_m_bers of several other bands in the spectrum aISOspectra of RbTiSH are remarkably similar to those found for
show sensitivity to temperatué. The unusual temperature

. CsTiSH both in terms of the band profiles and their wavenumber
dependence of the half widths and wavenumber of these bands - :
. . . dependence on temperature. The relationship between the
has been related to the phase transition of CsTf3His being " .
. . ) Raman spectra and the phase transition of CsTiSH has been
supported by the discontinuous spectral changes which occur

on cooling below the transition temperatdfePolarized single- characterized by a range of spectroscopic and structural
crystal Raman spectra of RbTiSH have been reported andtechnlques and on this basis the spectral changes observed for

assigned over the wavenumber range-27800 cnt™ at 80 K21 RDbTiSH are interpreted in terms of an analogous phase transition

Bands found in this region comprise the internal modes of of the rubidium salt.

[Ti(OH,)]*" and sulfate and the external modes of coordinated 4 piscussion

water. The spectra confirm classification of RbTiSH to the

alum modificatior?! isostructural with CsTiSH but atypical of The structural instability of CsTiSH and RbTiSH is not
the rubidium sulfate alums in general. In common with CsTiSH, exhibited by any of the rubidium or caesium sulfate alums of
the mid-wavenumber Raman spectra at 80 K show a pronouncedhe wide range of tervalent cations examined to this time{Al,
broadening of several of the bands of Bymmetry. In  Ga?%!In2i3%V 2134 Cr213¢ Fe?L.3¢ Co’" Mo,® Ru® Rh3
particular, the external modes of water coordinated to titanium- and 1#9). A low-wavenumber band of gsymmetry of CsRu-
(1) give band profiles with greatly increased half widths and (SQx)2:12H,0 has been reported to shift to lower wavenumber
wavenumbers which are in poor agreement with expectationsOn cooling to 60 K33 however, no other anomalies in the
based on the spectra of relatedl alums234 The low- vibrational spectr® or the 15 K neutron structures of the
wavenumber unpolarized spectra of RbTiSH over the temper- hydraté® and deuterat€ salt are apparent. It is unlikely that

ature range 19Mt4 K are shown in Figure 4. Bands found in the structural instability of the titanium alums is due to the size
of the tervalent cation since the ionic radius of titanium(lll) is

(44) Armstrong, R. S. Private communication. intermediate between that of aluminium(lll) and indium(fl).

this region comprise the internal modes of [Rb(E4H and
the external modes of the constituent ions. The spectra are
dominated by an intense band which shifts from 40 tmat
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Hence the electronic structure of [Ti(Q)3" is implicated. @ (o)
The principal interactions which can act to lift the degeneracy o

of the 2T,q (Oy) term in the alum lattice are the trigonal field,
the JT effect, and spirorbit (SO) coupling. The resulting
electronic structure will depend on the relative strengths of these
interactions. The magnitude of the trigonal field will depend
on the orientation of the coordinated water molecule relative to
the MQ; axes and the relative magnitudes of the metehter

o interaction in and normal to the plane of the ligg@hAd> The
orientation of the water molecule coordinated to titanium(lll)
is in close agreement with that of the alums?* including
vanadiunt® and it is reasonable to assume that the relative
magnitudes of ther interaction in and normal to the plane of
the water would be similar for titanium and vanadium and thus,
the ordering of the energies of thg @and g (S) orbitals will

be the same. For vanadium(lll) in th® alum lattice, low-
temperature magnetochemical measurements have established
unambiguously that th&\ trigonal term is lower lying with a
zero-field splitting of 4.95 cml1® The electronic Raman
transition of the vanadium alums enables a quantification of
the trigonal field splitting, this having a value @f. 1950
cm~11921 The electronic structure of vanadium(lil) within the
f alum lattice has been interpreted in terms of the trigonal field
being the principal interaction acting upon thieg (On) term
with the effects of SO coupling and vibronic coupling treated
as perturbations to the trigonal field terdd&! While the
analogous intragf electronic Raman transition of titanium(lll)
has yet to be identified, the trigonal field splitting of tAEx

(Or) ground term is predicted to be of at least the same
magnitude as that found for [Ti(Q#f#]2", resulting in a ground
term which is orbitally degenerat@gy) with the 2A4 term
relatively high in energy.

The 2, () ground term of titanium(lll) will be subject to Figur.e 5. .D_etails of the structure Of CsTi(S§-12D,0 showing (a) ‘
JT and SO coupling, with the JT coupling restricted to phonon the_ disposition of_the hydrogen bonding arrangement of the asymmetric
modes of g symmetry. This is reflected in the Raman spectra UMt and (b) & view down the 3-fold axis of the cell showing the
of CsTiSH# and RbTiSH! which are marked by the anoma- dllsp;)sng)n ff thedtlltjam;m(lll) cattlorr:s relative to the sulfate group (for
lously large half widths of a number of theyBands. In clarity, D(a1) and D(a2) are not shown).
particular, the profiles of the bands associated with the librational
modes of water coordinated to titanium(lll) are broad and
indistinct, a feature commonly associated with dynamic distor-
tion of the water molecule¥, with band wavenumbers which
are highly irregular compared with those of othhydrate

The CJTE is a phase transition resulting from the correlation
of JT centers within a crystal. At sufficiently high concentra-
tions, the influence of surrounding JT centers will act to lift
the degeneracy of equivalent JT distortions of an isolated

| The | ber latti de h dmolecule. The correlation between the JT centers may occur
aums. € low=wavenumber fattice mode nas a pronounced;, 5 n,mper of different ways giving rise to configurations of

temperature plependence suggesting tha; this mode is Stror.]g%ifferent energies. Below a critical temperature, the distortions
associated with the phase transition. Assignments of the Iattlceof the JT centers will be locked into the most favorable

modes of th? caesium alums have been repdftéttise being configuration as the crystal adopts the structure of minimum
based on shifts observed on sulfate/selenate exchange, deuter:#ee energy. The JT centers are then, in effect, subject to a

tion, and isomorphous replacement of the tervalent cation. The crystal field of lower symmetry. Above the critical temperature,

Iovgesstgwavelnumge.r band Cj[fg Eyrk?rmat:y o(;:cutrs btgtween dsf the thermal energy available to the system tends to destroy the
and 59 cm- and IS sensitivé both 1o deuteration and 10 - ., eation and the motion of each JT center preserves,
subst|tgt|on (.)f selenate _for sulfate a’?d has been a§3|gned to adynamically, the point symmetry in the high-temperature phase.
mode involving translation of the anion and a motion of the The CJTE is now recognized as an integral part of solid state
water molecules or complex cations. The relationship between oo s and is discussed comprehensively in the literdtdfe.
the sulfate groups and the orientation of the water molecule The transition temperature of the CJTE largely depends on
coordinated to the tervalent cation is shown in Figure 5. The . - -

: ; ; - the strength of the interaction between the localized degenerate
sulfate groups provide the most direct link between the titanium- electronig orbitals and the phonon modes of the crysta?lattice

(1) centers in the crystal and librations of the anion provide a For transition metal ions with unequal occupancy of théc)
: . ) ot
means by which an interaction between the [Tig#" can orbitals, which are metalligand o antibonding in character,

occur, ultimately resulting in an ordering of the JT distortions ) . L . .
of the titanium(lll) hexaaqua cationse. a cooperative Jahn- there is a strong vibronic interaction reflected by a high CJTE

Teller effect (CJTE). (48) Kaplan, M. D.; Vekhter, B. GCooperatie phenomena in Jahn-
(45) Daul, C.; Goursot, Alnorg. Chem.1985 24, 3554-3558. Teller crystals Plenum Press: New York, 1995. Bersuker, | The Jahn-
(46) Beattie, J. K.; Best, S. P.; Moore, F.; White, A. Aust. J. Chem. Teller Effect and Vibronic Interactions in Modern ChemistBienum

1993 46, 1337-1345. Press: New York, 1984. Engiman, Rhe Jahn-Teller Effect in Molecules
(47) Tanaka, H.; Henning, J.; Lutz, H. D.; Kliche, 6pectrochim. Acta and Crystals Wiley: London, 1972.

1987 43A 395. Eckers, W.; Lutz, H. DSpectrochim. Actd 985 41A (49) Gehring, G. A.; Gehring, K. ACoop. Jahn-Teller Effects, Rep. Prog.

1321. Frindi, M.; Peyrard, M.; Remoissenet, 84.Phys.198Q C13 3493. Phys.1975 38, 1—-89.
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Table 4. Selection of Published Values of Titanium(lll) in
CsTi(SQ)»+12H,0

temp range, K technique gvalues ref
80—300 magnetic susceptibility g, = 1.88 8
gh=1.62
100-300 magnetic susceptibility g, =1.92 7
1-4.2 magnetic susceptibility ges=1.12 5
2.5-4.2 EPR =125 6, 52
go=1.14

transition temperatureg.g. the (bg)*(ey)! cation Mr#t in the
spinel MrgO; has a transition temperature of 11705K.
Examples of weak coupling are provided by the rare earth
zircons which have the general formula RX@here R is a
tervalent lanthanide ion and X is V, As, or P. Certain members
of this group undergo CJTE with a transition temperature close
to that of liquid heliunf® The low transition temperature

Tregenna-Piggott et al.

ground term, contrary to that which follows from considerations
of the molecular structure of the cation. This assumption may
be understood by consideration of the magnetic properties of
the ground Kramers doublet which results from ffigg term
after perturbation by SO coupling and an axial crystal ffld.

If the [Ti(OHy)e]®" cation is axially symmetric then%&g ground
term would result in a ground state Kramers doublet with
wavefunctions represented 1 1’2, w”‘if/f wherems and

m refer to the projection of the spin and effective orbital angular
momenta on th& axis. Since the spin and orbital angular
momentum are equal and opposite, a first-order Zeeman splitting
along thez direction can be observed only on account of a
reduction of orbital angular momentum. Upon operating with
the magnetic moment operator in th§ plane all matrix
elements are zero so thgt = 0. The experimental values of

g1 = 1.25 andgp = 1.14 have therefore been used to exclude
the possibility of a?Ey trigonal ground term. However, this
conclusion is valid only if the [Ti(Ok)g]®" cation is not subject

reflects the weak interaction between the JT eleCtronS, which to dynamic or static distortions. For examp|e, the magnetic

lie in the highly shielded 4f orbitaJaind the crystal lattice. In
the titanium alums the JT electrons lie in orbitals which are
nonbondingt antibonding in character, also resulting in a weak
interaction with the crystal lattice. In addition tAgg ground
term is split to first order by SO coupling which competes with
the JT splitting. These factors, along with the large separation
of titanium(Ill) centers within the latticer{i_ty = 8.769 A at
20 K), contribute to the low transition temperature.
Reinterpretation of the g Values of CsTiSH. Theg values

properties of théEy ground term subject to linear JT coupling
will be modified by a quenching of the operators governing
spin—orbit coupling and the orbital Zeeman interactf8nThis

will result in a decrease in the effective orbital angular
momentum beyond that attributable to covalent bonding. A
finite first-order Zeeman splitting in the perpendicular direction
can also occur if the lattice strain, which causes the symmetry
of the complex to be lowered, is strong enod@hThis is most
readily achieved when the JT coupling is of a cooperative nature.

of CsTiSH have been a SUbjeCt of study and contention since Below the temperature of the phase transition the

the early development of crystal field theory. The EPR

[Ti(OH2)e]3" centers are locked into one of the three possible

spectrum can be observed only at temperatures approaching thagistortion correlated minima. Sincg Bhonon modes displace

of liquid helium where it is broad and indistin@-52 Further-

the [Ti(OH)¢]®" ions along coordinates which preserve the local

more, susceptibility measurements of CsTiSH in the cubic phaseC; symmetry, the JT interaction cannot remove the inversion

do not permit determination of the magnetic anisotr6py®

center. Inview of the low symmetry distortion, an approximate

These factors have led workers to make fundamental assump—alculation of theg values can be made as follows: We take as

tions as to the electronic structure of the [Ti(Q&F+ cation
within the alum lattice with numerous models proffeféd!4

A summary of some of thg values reported for CsTiSH is
presented in Table 4. Thevalues obtained from EPR2 are
determined directly and are likely to be the most reliable.
Between 1 and 4.2 K, the susceptibility is reported to obey
Curie’'s law and calculation of the effectivg value follows
directly from the Curie constant. Susceptibility measurements
undertaken above 4.2 K show a complicated variation with
temperaturé=10 Theg values quoted in this temperature range
are calculated indirectly using values of crystal field parameters
that are found to best fit the data.

The discrepancy between thg values determined from

measurements made below 4.2 K and those calculated from¥m="1
measurements above 80 K has yet to be adequately explained.

It has been suggested that the trigonal field splitting must be
reduced drastically on cooling in order to account for the
discrepancy in thg values’” A model which takes into account
second-order contributions from the cuBigy term and aniso-
tropic orbital reduction factors has been found to give good
agreement with the observegdralues but not with a unique set
of parameters. In addition, no set of parameters from this
analysis were found that could reproduce the variation of the
magnetic moment with temperature in the-8D0 K temper-
ature rangé.

The analysis of the electronic structure of titanium(lll) in

a basis just the E doublet states, and ignore any admixture of
the dz orbital by the trigonal field. The effect of the static low-
symmetry distortion is represented as the non-zero value of one
of the JT active coordinates. In the presence of a magnetic
field B, the energies of the eigenstates are then represented by
the eigenvalues of the matrix,

Ve Ve
v 2[(p— 1B, B, +iB, VQ 0
Y [B—iB, A+ (P +1)B, 0 VQ
Ym1 [VQ 0 A—(p' +1)B, B+ iB,
nt [0 vQ B — iB, (1-p)B;
(2

wherep andp’ are reduction factors that approximately represent
the effect of the JT interaction together with any reduction of
the orbital angular momentum by the bondiigs the spin-
orbit splitting, V is the JT coupling constant, and Q is the static
distortion of one normal coordinate. The Bohr magneton is
absorbed intd.

In the absence of a magnetic field the energies are,

E="Y,(A £ /1> + 4(VQ?)

®3)

CsTiSH has been based on the assumption that the sign of the

trigonal field is such as to give an orbitally nondegenerate

The g values are obtained by finding the eigenvalues of this

(50) Aoki, I. J. Phys. Soc. Jprl962 17, 53—61.
(51) Bijl, D. Proc. Phys. Soc. A95Q 63, 407.
(52) Harrowfield, B. V.Phys. Abstr1972 75, 594, No. 10288.

(53) Ham, F. SPhys. Re. 1965 138 A1727. Ham, F. SPhys. Re.
1968 166, 307.
(54) Dubiki, L; Riley, M. J.J. Chem. Phys1997, 106, 1669.
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matrix and expanding them to first order By, By, or B,. The Recently much attention has been paid to cooperative
coefficients ofB, andBy are identical so a local distortion along  phenomena in a variety of copper(ll) salts where the structural
a JT coordinate does not remove the axial symmetry ofgthe parameters typically show a marked temperature dependence,

tensor. In the lower doublet, which can be rationalized in terms of Boltzmann averaging of
vibronic states localized in different potential minifi&é The
(p+p)A situation contrasts to that of titanium(lll) where, in addition to
g=2-p+tp - W B 4) the JT interaction being substantially weaker, #&g ground
VAT +4(VQ) term is split to first order by spinorbit coupling. As a result

aVQ the potential energy surface for titanium(lll) in CsTiSH will
(5) differ considerably to that of copper(ll) in (N§#[Cu(OHy)g)-

A2+ 4(VQ)2 (SOy), in that distinct potential minima are not formed so that
for CsTiSH the concept of fluxional behavior between different

The predicted axial symmetry follows from the assumption that Structures is not valid.

the low-symmetry distortion is along a JT active coordinate as

this yields the greatest electronic stabilization. Strains of other 5. Conclusion

symmetries would introduce extra terms to the Hamiltonian and ] ) o )

so may allowg, andgy to take different values. The electronic structure of [Ti(OHk]3* within CsTiSH has
The EPR spectra of iin CsTiSH between 2.5 and 4.2 K been a source of contention for over 40 years W'th previous

suggest they tensor to be axially symmetric with, = 1.25 models all based on the presumption that CsTiSH is structurally

andgn = 1.14. The latter result gives/ZY(A2 + 4(VQ)A)L2 = well-behaved over the whole experimental temperature range.

0.57 whencel/(12 + 4(VQ)?)¥2 = 0.82, and so this simple model ;Lhe %round St‘ét? valu:esdoftg# - 1.2'5b$?dg?t:h l£1.4 ha\ll?. "
predicts p = 0.41 + 0.1Qy. We note that the magnetic - 1c" P€€N USed 1o exciude the possibiiity of the trigonal Tie

properties of the ground state Kramers doublet are similar to b('am.g of a sign such that thgg Eerm is lowest lying, since,
those of platinum in silicon occupying a negatively charged within the confines of crystal field theory, the ground Kramers

lattice vacancy?® It was noted that the tensor will remain dkc:ublettkl]s tngn_-rmsagnetlc t\)N Itt]tth 0. hln tht's wc_:tr_k weﬁgal\(/e
nearly axially symmetric as long as the axial field is large shown that £ST15H IS Subject to a phase transitiocea

enough so that spinorbit coupling to the nondegenerate axial WhICh. we 'assouate with a CJ.TE, and that similar structural
term is small. This situation pertains to [Ti(QHI®* in the chemistry is suggested for RbTiSH. In the context of the phase
alum lattice transition, the ground statgvalues may be readily explained
The conclusion that the ground stajevalues arise from a assuming that théEg trlgpnal term is lower lying. The Iovy-_
low-symmetry distortion of [Ti(OK)qJ>* has also been realized symmetry crystal field mixes the two Kramers doublets arising

. . from the 2Ey trigonal term giving rise to a finite first-order
4
by DUb'pk' and R|Iey5._ These worker§ ha"‘? undertaken exact zoeman splitting in the perpendicular direction. It is important
calculations of the lineafT®e coupling with the coupling

strength, trigonal field, and low-symmetry strain parameters as to emphasize that the JT distortion while reducing the symmetry
i ' ; ’ e ) . of the complex leaveg = gy so that theg tensor remains axiall
variables. Itis shown that for a trigonal field of the magnitude P %= 9 9 y

as that found in th alums, the trigonal field breaks tRE®e symmetric irrespective of the magnitude of the distortion.
coupling into?E®e and2A®e as assumed in our analysis. This The g values determined for CSTISH from suscepti_bility
work provides detailed insight into the anomalous fine structure measurements betlween. 80. and 300 Kave no relevance since
observed in the EPR spectrum of titanium(lll) as an impurity €Y Were determined indirectly from a highly parametrized
in the # alums. With the JT active mode assumed to be the crystal field model which assumes a nondegenerate trigonal
v2(TiOg) skeletal stretch, occurring ab. 450 cnt?, the ground ground term.  Indeed, employing the same degree of param-

stateg values could be reproduced assuming a strain splitting €{fization, we have obtained an equally good fit of the same

of 56 cn . Likewise, good agreement with the ground sgite 92t Set using a crystal field model witt?, ground ternt?
values for CsTiSD gjl = gn = 1.31F2 could be found by Since there is a gross distortion of [Ti(Qkl 3t resulting from

increasing the strain splitting to 70 cf all other parameters the ph_ase_ transition at_12 K, a different set of parameters will
remaining constant. However, the values of the strain splittings @PP!Y in different experimental temperature ranges. Therefore,
obtained depends on the other parameters employed and thé meanlglgful comparison bet\éve? vaflues obtained from
assumption that the JT interaction is dominated by coupling to SUSCeptibility measurements and those from EPR measurements

the v»(TiOg) mode. This assumption is supported neither by ©&" only be_ made when the EPR measurements are on dilute
samples which are structurally stable over the temperature range

the Raman spectra nor by simple considerations of the electronicOf the measurement. To this extent we have undertaken an
structure of [Ti(OH)¢3". The energy of the first excited . ’ . - .
[TI(OH)l &y extensive EPR and magnetic susceptibility study of CsTiSH both

vibronic state, calculated to ve60 cnTl, is in poor agreement : ; . .
with the value of 21.3 cm! implied by Raman measurements as the pure alum and diluted into a range of diamagyfetizim

on titanium(lI1)-doped CsAI(S@»12H,056 Additionally, no ~ Nosts: We have found that all the data over the whole

account has been taken of the decrease in the phonon frequencXPerimental temperature range can be explained within a self-
upon deuteration, resulting from an increase in the effective mass onsistent model as oytllned in this paper. .Th? results of this
of the phonon mode. This gives rise to a lowering of the zero- Study are currently being prepared for publication.

point energy of the JT-active mode which generally leads to a

=

(57) Hathaway, B. J.; Hewat, A. W. Solid State Chen1984 51, 364.

greater quenching of orbital angular momentum. Alcock, N. W.; Duggan, M.; Tyagi, S.; Hathaway, B. J.; Hewat, A. W.
Chem. Soc., Dalton Tran$984 7. Stebler, M.; Bugi, H. B.J. Am. Chem.

(55) Anderson, F. G.; Ham, F. S.; Watkins, G. Phys. Re. B 1992 S0c.1987, 109 1395. Simmons, C. J.; Hathaway, B. J.; Amornjarusiri, K.;
45, 32873303. Santasiero, B. D.; Clearfield, A. J. Am. Chem. Sod 987 109 1947.

(56) Chase, L. L.; Glynn, T. J.; Hayes, W.; Rushworth, A. J.; Ryan, J. Rauw, W.; Ahsbahs, H.; Hitchman, M. A.; Lukin, S.; Reiner, D.; Schultz.
F.; Walsh, D.; De Goer, A. MProceedings of the Fifth International A. J.; Simmons. C. J.; Stratemeier. korg. Chem.1996 35, 1902.
Conference on Raman Spectroscopyeiburg, Germany, 1976; Schmid, (58) Simmons, C. J.; Hitchman, M. A.; Stratemeier, H.; SchultzJA.
E. D., Brandmueller, J., Kiefer, W., Eds.; Hans Ferdinand Schulz Press, Am. Chem. Sod 993 115 11304-11311.

1976; pp 666-661. (59) Tregenna-Piggott, P. L. W. Ph.D. Thesis, London, 1994.
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