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EPR spectra at 94.5 GHz (3 mm) and 249.9 GHz (1 mm) have been measured for the dichloro-, dibromo-, and
diiodobis(triphenylphosphine oxide)manganese(ll) complexes. These compounds have a distorted tetrahedral
geometry, and the highest possible symmetry obtainab®,isBecause the spectra are taken in the high-field

limit, they are simple and much easier to interpret than at lower magnetic fields. Accurate values of the zero-field
splitting parametersp and  (E/D), are determined by least-squares fitting and homotopy using matrix
diagonalization. The compounds hay®alues near 2 and large valuesidfaindy. Across the serie) increases

from 0.165 to 0.906 cm, while 5 decreases slightly from 0.273 to 0.246.

Introduction phenanthroline as was suggested in our earlier répbrange

We sre curenty using EPR st ioh magnetc fds o A0S K0 04 0o 11 25 (o) was o

examine a series of manganese-containing inorganic Complexesdetefmined for all three dir’lalo com 6ungs in an s(;Z;lrlier stud

in which the manganese(ll) ion is in the high-spin state. e o P y
. . . at low magnetic fieldg

Manganese complexes show a wide variety of bonding geom- . o . )

etries, and EPR spectroscopy has been used successfully to probe Here we examine a similar series in which the manganese-

the structures of these compouridé.The vast majority of the () ion is bound in a distorted tetrahedral environment. The
past work has been performed at lower magnetic fields (X- and compounds are dichloro-, dibromo-, and diiodobis(triphenylphos-

Q-band). However, with samples of relatively large zero-field Phiné oxide)manganese(ll). The highest possible symmetry is
splitting (zfs), low-field EPR spectra are usually complicated, C2»» @nd these compounds are expected to have a large rhombic

making analysis difficult We have found that a high-field EPR ~ distortion, giving rise to largg values. This has been observed
study results in fairly simple spectra that are much easier to IN EPR studies at low magnetic field.
interpret in terms of the axial)) and rhombic E) distortion We find that the high-field spectra of the tetrahedral
parameter8. compounds are simple and easy to interpret, and rough estimates
We have already studi@dwo series of distorted octahedral ©f D and# can be made directly from the spectra. Accurate
manganese(ll) complexes in which two of the ligand positions values of the zfs parameters can be determined by computer
are occupied by halide ions. The Mn(4-picolifé¢) compounds §|mulat|0n, and we d.escrlb'e a tgchn!que tha}t uses Iea§t-sguares
(X = CI~, Br~, or I") were found to be axial witly ~ 0. (7 = flttl_ng and homo_topy in qonju_ncnon with matrix (_j_lagonallzatlon.
E/D and may have values from zero to 1/3.) The bin( This technique is especially important for the diiodo compound,
phenanthroline)X, complexes have small@ values than the ~ Where the value oD approaches 1 cm. We find that third-
picoline series. The lower values are most likely due to the cis Order perturbation theotydoes not provide a good overall fit
arrangement of their halide iols!2 vs the trans arrangement  Of the experimental spectrum for such a high valu®ofind
of the picoline series, and not the ligand field strength of an exact calculation of the spectrum was needed. Finally, we
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will show that, for these samples, the valuepfdecreases magnetic field at 3mm (kG)
slightly as we go from the dichloro to the diiodo compound. 0 |1'ol _ .2,0. __30 40

[ LI L
Experimental Section [ dichloro ]

The tetrahedral complexes were prepared in absolute ethanol as
described earliet® Our best spectra (those relatively free of impurity [ ]
signals) were produced from dichloro and diiodo samples prepared at [
or near room temperature and dibromo samples prepared°&t. 4%e
diiodo complex was made and stored in the dark to prevent the
formation of iodine. _— ]

All samples were studied as neat powders. X-band spectra (not [ diiodo ]
shown) were taken with a Varian E-4 spectrometer. Two different high- L A A NN ]
field EPR spectrometers were used. Spectra of the dichloro compound T A ]
were taken at 3 mm (94.5 GHz) with the high-field instrument at the 50 60 70 20 90 100
lllinois EPR Research Center (IERC). This instrument uses a cylindrical magnetic field at 1Tmm (kG)

cavity and has been described elsewhéféde 3 mm spectra presented

here are the average of eight individual scans. Spectra at 1 mm (249.9':i§Jure L High-figld EPR. spectra of dichloro-, dibromo-, and diiod_obis-
GHz) were taken at Cornell University. The 1 mm instrument uses a (riPhenylphosphine oxide)manganese(l) complexes. The dichloro

transmission FabryPerot cavity and has also been described else- 2?130(;?0[3owsase::?rk:nw:rtegt;r(?n (;?pl r;ggzzgﬁéfﬁfr)i’zggg Itr;iig)lbromo
where?'8 The temperature of the samples was between 0 arftC20 P )

Field modulation was usually-15 G at approximately 100 kHz. The . . .
accuracy with which the field value can be determined for both high- Marized in Table 1. The fits for all three compounds are shown

field instruments is better thah10 G, when the main magnet coil is ~ as dotted curves in Figures-3. Theg values for the samples

swept. are very close to 2.0, which is typical of the high-spin
The dichloro compound was studied at 3 mm because its full manganese(ll) ion. The estimated standard deviations provided

spectrum could be observed with the 3 mm instrument, and it is already by the least-squares fitting are very smal5 G or less), so

in the high-field limit. Also, a significant distortion in thg = 2 line the errors ing, D, andE (and hencey) reported in Table 1 are

due to dispersion was present at 1 mm. Much smaller amounts of hased primarily upon the accuracy to which the magnetic field
dispersion were present in the dibromo and diiodo spectra, and these,,51,e can be determined.

were corrected by standard methdd$he spectra of all three samples
were corrected for any baseline drift.

Initial estimates for the parameteaysD, andE, and the line width
were made with a field-swept EPR simulation program using third- The high-field EPR spectra of manganese(ll) complexes with
order perturbation theory and running on a desktop compgitgrhe large rhombic distortions can be understood with the help of

relevant equations in ref 9 contain a number of errors; see ref 20 for gigyre 2. This figure gives first-order line positions, relative to
Darametors n aloast.quarcs fting (LSE) progtam uaing the techniqued. — 2 for manganese(il) EPR specira in the high-field limit
and for varying values of. It also gives the electron spin

of homotopy in conjunction with matrix diagonalization (HTMB)?? ) p " | of f fth
which has recently been developed for powder spectra from transition assignments, for positive values DfandE, for many of the

metal ions. Details of the HTMD technique are briefly summarized in transitions. The manganese spectrum is, to first-order, sym-
the Appendix. We considered both Lorentzian and Gaussian line shapesmetrical aboutg = 2. For axially distorted spectra; (= 0),
and we found that the latter yielded significantly better fits, although there are three lines downfield and three upfield frgn¥ 2.
comparabley, D, andE values were obtained using either line shape. The positions of the lines are determined by the sizB athe
outer lines of the spectrum bein@p4emoved fromg = 2. As
Results the rhombic distortion increases toward its maximum valpe (
= 1/3), the three overlapping transitionsts2D split into three
High-field spectra of all three tetrahedral compounds are single lines and the two transitions initially &D split into
shown in Figure 1. Field values for the 1 mm spectra (dibromo two single lines. The positions of these lines are dependent upon
and diiodo samples) are given on the lower axis; field values at the size ofy. At the maximum value ofy, there are only two
3 mm (dichloro sample) are shown on the top axis. Note the lines downfield and two upfield frorg = 2, each composed of
large signal intensity a = 2 (approximately 34 and 89 kG)  two overlapping transitions. The line#D is lost. In particular,
and the presence of lines at lower fields. For the dibromo and asy increases from 0 to 1/3, the3/2 < —5/2 (y) transition
diiodo samples there are lines at much higher fields, but the shifts from—2D toward the 5/2 3/2 () transition, which is
maximum magnetic field strength of the 1 mm instrument (95 independent of; and located at-4D. The nearem; is to its
kG at 4.2 K) prevents their observation. Because of the relatively maximum value, the closer these lines are to one another. The
large line widths, the manganese nuclear hyperfine splitting is —1/2 < —3/2 (y) transition (originally at—D) also moves
not observed. Thg values and the zero-field splitting param-  downfield asy increases. It will eventually join the 3% 1/2
eters were determined by least-squares fitting of the experimental(z) transition, whose position is independentzofind located
spectra using the HTMD technique. These values are sum-at—2D. For a given value of;, the splitting in the pair of lines
near—4D is always larger than that at2D. Similar statements
(16) Goodgame, D. M. L.; Cotton, F. A. Chem. Socl961, 3735. can be made for transitions upfield frogn—= 2.

an As\m'rg%‘é?ﬁ Ts'gaggrglr?%'sgéld; Belford, R. L.; Clarkson, R. 8. Comparing Figures 1 and 2, we see that the dichloro

dibromo

Discussion

(18) Lynch, W. B.; Earle, K. A_; Freed, J. HRev. Sci. Instrum1988 59, compound has a single, strong linegat= 2. For the dibromo

1345. _ and diiodo compounds, there are many lines rgear 2 that
gg% Eﬂ?g'rva'(-SA-RB;%'S’&B?E)?GB‘;‘}QJi'é”é Phys. Cheml993 97, 13289.  arise from higher-order splittings in thel/2 < —1/2 transition
(21) Misra, S. K.J. Magn. Resonl999 137, 83. (not shown in Figure 2) that appear at high value®oSome

(22) Misra, S. K.J. Magn. Reson1999 140, 179. of the lines are also due tp-dependent transitions from the
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Table 1. Results of High-Field EPR of Tetrahedral Mn(triphenylphosphine ox¥leCompounds

halide, X gvalue D (cm™) E(cm™) n width (G)
Cl 2.0000+ 0.0006 0.165t 0.001 0.045+ 0.001 0.273+ 0.006 316
Br 1.9985+ 0.0003 0.50A 0.001 0.134+ 0.001 0.263+ 0.002 393
| 2.0039+ 0.0003 0.906t 0.001 0.223+ 0.001 0.246+ 0.001 518
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n=1/3 magnetic field Figure 4. EPR (1 mm) of Mn(triphenylphosphine oxidB), (—) with

simulation ¢-+) usingg = 1.9985,D = 0.507 cnt?, = 0.263, and

Figure 2. Schematic diagram of the first-order predictions for |ihg idth 393 G. Intensities of the magnified region are normalized
manganese(ll) EPR as a functiorpin the high-field limit. Magnetic to the line at 69.9 kG.

field positions of the transitions are shown relative to ghe 2 field
value. Assignments (see ref 9) for the eight outer transitions are given
for positive values oD and E. Transitions that converge gt= 2
whenzn = 1/3 are, in order of increasing magnetic fietd3/2 < —5/2 [
X), —1/2 < =3/2 (x), 1/2< —1/2 (xy,2), 3/2< 1/2 (X), and 5/2< =
3/2 (x). i
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Figure 5. EPR (1 mm) of Mn(triphenylphosphine oxidk)(—) with

] simulation ¢:+) usingg = 2.0039,D = 0.906 cnt?, = 0.246, and
L line width 518 G. Intensities of the magnified region are normalized

2 L N . 1 . N L 5 [} . L L L
25 30 35 40 to the line at 56.5 kG.
magnetic field (kG)

of the spectrum are magnified in Figure 3 so that the small
splittings and their fit can be more easily observed.

The splittings in the lines downfield frong = 2 in the
dibromo spectrum (Figure 4) are much larger than those in the
+2D and=D positions that merge negr= 2 at high values of dichloro spectrum, and the transitions ne&@D are now easily
7. Only the complete spectrum of the dichloro compound was resolved. The size of these splittings will increas®ascreases
observed; much of the dibromo and diiodo spectra at fields and/or the value off decreases. We find th& is 0.507 cnt?,
higher thang = 2 could not be observed due to the limited andy is only 0.263, about 4% smaller than that of the dichloro
maximum field strength of the 1 mm spectrometer. However, sample. The fit of the dibromo spectrum (Figure 4) is very good,
the position of the—4D line for all three compounds clearly  although the downfield lines are about twice as intense as
shows thaD is largest for the diiodo compound, and smallest predicted.
for the dichloro compound. All three spectra are similar to Figure  The spectrum of the diiodo compound, along with our
2 if 57 is very near its maximum value, since none of the spectra simulation, is shown in Figure 5. TH2value has now increased
show a line at:D, and we observe small splittings downfield to 0.906 cn?, and we expect and observe even larger splittings
fromg = 2. in the pairs of lines downfield frorg = 2. As with the dibromo

The dichloro spectrum taken at 3 mm, along with our best sample, the splittings are too large to be caused by the higher
fit, can be seen in Figure 3. The splittings in the outer lines are D value alone, ang has decreased even further to 0.246. The
the smallest of all three complexes, and the valug & large fit of the diiodo spectrum is very good, although the intensities
enough that the 3/2> 1/2 (7) and—1/2 < —3/2 (y) transitions of the downfield lines, like those of the dibromo spectrum, are
are unresolved at-2D. A similar statement can be made for larger than predicted. Also, the negative line at 91 kG-(&2
the +2D line. From our best fit (the dotted curve in Figure 3) < —1/2 transition) is less intense than predicted and is about
we find thatD = 0.165 cntt andy = 0.273. The outer regions 500 G upfield from its expected position. We believe the lines

Figure 3. EPR (3 mm) of Mn(triphenylphosphine oxid€), (—) with
simulation ¢-+) usingg = 2.0000,D = 0.165 cn1!, = 0.273, and
line width 316 G.
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at 54 and 89.5 kG are caused by impurities of unknown origin. manganese(ll) complexes increases. Since the ionic radius of

Matrix diagonalization was essential to accurately fit the diiodo manganese(ll) is largéthan that of zinc(ll), it seems likely

spectrum, indicating that it is not quite in the high-field limit. that this is the cause for the slightly lowBrvalues observed

At g = 2, the field value is only 9 times the value Df, at in the pure powder samples.

—4D, it is only 5D. We found that approximate methods, in )

particular third-order perturbation thedtgannot fit all regions ~ Appendix

of the spectrum simultaneously, (e.g., the= 2 region vs the Evaluation of Spin-Hamiltonian Parameters and Line

—2D and —4D regions). Widths by Least-Squares Fitting and Homotopy Using
Despite the difficulties in obtaining adequate fits by the more Matrix Diagonalization. 22 First, the polycrystalline EPR spec-

approximate methods, we thought it useful to compare the valuestrum is simulated by the use of the HTMD technidd&his is

of D andE obtained from HTMD and least-squares fitting with  accomplished by overlapping single-crystal spectra computed

values estimated directly from the spectrum and by fitting with for a large number of uniformly distributed orientatiors ¢)

third-order perturbation theory (PT), according to some simple of B over the unit sphere weighted in proportions of 8ido

and well-defined procedure. Rough estimateadnd E can dg to take into account the distribution of various constituting

be obtained from various splittings in the spectrum, if we assume crystallites whose principal axes are oriented in the intergal d

a first-order spectrum as in Figure 2. An approximate value for dg about @, ¢).

D can be obtained from half the splitting between ##D and The simulated powder spectrum is expressed as discrete sums
—2D lines.y can be approximated from the splittinyy,between over uniformly distributed, infinitesimally close, orientatiorts (

the two lowest-field lines in each spectrum, 5f23/2 () and @) of B over the unit sphere, as well as over infinitesimally
—3/2 < —5/2 (y), using the first-order equatiom, = 1/3 — close values 0B, denoted a8, covering an appropriate range

0/(6D). FromD and#, a value forE can be found. Values of  of B values, summing over all the transition lines for each chosen
D andE can also be determined with third-order PT using a orientation ofB, as follows:
field-swept prograrhand fitting by trial-and-error. In determin-

ing the best fit, more emphasis was given to fitting th2D SByv)=C 92 P(i,0;,¢;v) F(w;,B.(1,0;,¢;v),By) sin 6;
and —4D regions rather than the splittings gt= 2. We find 0591k
there is reasonable agreement between the HTMD values and Q)

those estimated directly from the spectra and from PT according . . . . .

to the procedure described. Estimated value® aind E are In €q ,1* P(.0;.¢1.vc) IS the trgnsmor)”probablllty for th.‘*’”?
within 9% of the HTMD values; values d andE using PT transition between .the level and i of the eigenpair in
are within 6% of the HTMD values. We believe the reasonable 'ésonance at the microwave frequengat the orientationd,
agreement of the three methods is due to the inherent simplicitygﬂ) of B over the unit sphgre. The values @?f?“e _d|str|buted
of the high-field spectra. In practice then, good initial estimates ©Ver the range 0 ta/2, while those ofp; are distributed over
of the zfs parameters may be found from preliminary fits using 0 to 27. The summation overtakes into account the probability

perturbation theory, and they may then be used to seed the Lspof the ampl_ltude of abs_orptlon at the magnetic field valie
using HTMD to obtain accurate final values. due to the line shape distributidf(ws, Bi(i, 6, ¢j, o), By for

We find thatD values for the tetrahedral compounds increase 'Ejf:reelctgoaransmon for the orientation oB along the ¢, ¢;)
in the order Ct < Br~ < |7, a trend found in many other The t : ii bability i 1is ai b
manganese(ll) halide complex®£3.24 Also, the value ofy € transition probability In €q 1 1S given by
decreases slightly, and this implies an increasing distortion from :
the tetrahedral arrangement across the dihalo sEries. P(i,0,¢.v9) U [[®;](By, S+ ByS + Blzsz)|q)i”[u2 (2)

This series of complexes ha§ been studied previougly at X- whereS, andBy, (o = X, y, Z) represent the components of the
and Q-band as pure and dilute powdérand as single  glectron spin operatoS, and the modulation radio-frequency
crystals**°in which the manganese compound is doped into fielq B,. |d;Jand |®-Oare the eigenvectors of the spin-
the corresponding dihalobis(triphenylphosphine oxide)zinc(ll) Hamiltonian (SH) matrix corresponding to the energy legls
compound. There is reasonable agreement between the zfgndE,. of the eigenpair in resonance. The same eigenpair in
parameters determined from low- and high-field powder studies. resonance consisting of energy levels characterized by the
D and# values differ by no more than 20%, except for the electronic magnetic quantum numbévsand M — 1, which
dichloro compound, where ttizvalues differ by almost a factor  describe the eigenvectors bite, the Zeeman part of the spin
of 2. Thls is probaply due to the difficulty of assigning turning - Hamiltonian, should be used for the calculation of the resonant
points in the low-field powder specttaWhen our high-field  fields corresponding to allowed fine-structure transitions as the
results are compared with the results from previous single-crystal prientation ofB is changed in infinitesimally close steps to cover
work of the dichloro and dibromo compounisithe agreement  the ynit spheré! Otherwise, the satellite lines near the central
is much better; our values dD for the pure dichloro and mn(il) transition are missed in particular. It is not straightfor-
dibromo powder samples are lower by only 0.007 and 0.016 ward to accomplish this, particularly when the orientation of
cm, respectively, compared to the doped single-crystal values. the crystal axis is far away from that of the external magnetic
The even smaller differences Evalues (no more than 0.002  fie|d; the appropriate strategy is described in ref 21.
cm) are within experimental error. The slightly lowBrvalues The absorption spectrum is then calculated by performing
found in our work on pure powder samples are most _I|kely the sum in eq 1 witl(i,0;,¢;) centered aB(i,0;,¢;,vc), referred
caused by host effects. It has been shid%°that, as the size 1o hereafter ay, with the line shape functioR(By,By), which
of the host metal ion decreases, tie value for many  was chosen here to be Gaussian, extended over an appropriate

magnetic-field interval-AB aboutB;;, characteristic of the line
(23) Birdy, R. B.; Goodgame, Mnorg. Chim. Actal981 50, 183. shape:
(24) Dowsing, R. D.; Gibson, J. F.; Goodgame, M.; Hayward, P. Chem.
Soc. A1969 187. _ >
(25) Wolterman, G. M.; Wasson, J. B. Phys. Chem1973 77, 945. Fa(Byi.By) = Kg exp[=(B, — By) 10°] )
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whe_reBri _is the resonant field value for t_heh transitior_l,o ﬁs X2 — Z[Fc(Bk'Vr) _ Fm(Bk!Vc)]Z/GkZ (8)
the line width, andg { =(1/B,)(In(2/))¥3 is the normalization

COﬂS'[an'[ fOf the ||ne Shaﬁé.Here,BA = (1/2)81/2 |S the half' Wherch(Bk,Vc) and Fm(Bk,Vc) are’ I’eSpeCtlve|y, the Calculated

. . _ )
width at half-maximum (HWHM), so that = Ba/(In(2/x))""% and measured values of the first-derivative EPR signaland

In the homotopy technique, the resonant line position at the ig 6 \yeight factor (related to the standard deviation of the
orientation @ + 00, ¢ + d¢) as calculated from the knowledge datumk).

of thg line position at thg orientatio'rﬁ,(.(p) using the LSF In the LSF technique, the vect@™ constituted by the
technique and Taylor series expansion is as folléws: parameters corresponding to the absolute minimum ofythe
o1 function is obtained fromal, the vector constituted by the
_ (3_3) (3_3) initially chosen value of SH parameters and line width by the
3B/ \9B/g

B.(i,0 + 66, + o) = iterative limit of ) :
& ¢+ op) =i e iimi following relation?8

(4) a"=a — (D"(d)) D’ (9)
with In eq 9,D’' is the column vector whose elements are the first
derivatives of they? function with respect to the parameters
S=(IE. — E.| — hw)? (5) evaluated a}a‘, andD" is the matrix whose elements are the
second derivatives with respect to the parameters evaluated at

am.

Sincea™ is not initially known, the elements of the matrix
D" are, in practice, evaluated with respecttpreferred to as
D"(a). A new set of parameters, denoted by the veefpis

whereh is Planck’s constant and one starts the iteration with
B; = Bi(i,0,¢). For calculation purposes, the square bracket in
eq 4 is expressed &s

o\ 1 thus calculated using the right-hand side of eq 9. This calculation
— (8_8) (8_8) = —(|E, — E.| — hw) signE; — E;) is carried out iteratively until a sufficiently small value of the
9B% \9B %2 function, consistent with experimental uncertainties, is
oE, OE. obtainec??
- 3B 9B (6) Finally, the parameter errordg;, are estimated statistically

using the matrix constituted by the second derivatives ofthe
The required eigenvalues and eigenvectors of the spin-Hamil- function2®
tonian matrix are computed by the use of the subroutine 2
JACOBI, which diagonalizes real symmetric matrices, and is Ag = ¢ (10)
particularly efficient when the off-diagonal elements in the SH \ynere the matris is defined as
matrix are infinitesimally small, as is naturally the case in
homotopy?” e=(,D")" (11)
The simulated first-derivative absorption spectrum is ex-
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