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IH NMR and EPR Studies of [M(NH3)s(H20)](TFMS)3 (M = Ru, Os). Theory of the
Paramagnetic Shift for Strong Field c® Complexes

B. R. McGarvey,* N. C. Batista, C. W. B. Bezerra, M. S. Schultz, and D. W. Franco

Instituto de Qimica de Sa Carlos, Universidade de"&daulo, Sa Carlos, SP, Brazil

Receied Naember 14, 1997

The EPR spectra of [Ru(NgH(H20)[(TFMS); and [Os(NH)s(H20)](TFMS); (TFMS = trifluoromethanesulfonate)

have been measured for a range of temperatures for the solid powders and frozen solutiogsaxishir the

“axial” spectrum observed is shown to be perpendicular to theQvbond axis, as it is perpendicular to the
antibonding MO that interacts in @ fashion with the water molecule. TH&l NMR of both compounds in
1,2-propanediol carbonate has been obtained over a range of temperatures, and the resonances for axial ammonia,
equatorial ammonia, and the bound water in the complex cation have been identified. Using the expegimental
values obtained from EPR and an improved equation that usesstdkeés, the dipolar component of the shift has
been calculated and used to find the contact portion of the paramagnetic shift. An improved equation for the
contact shift has been developed which separates the spin contribution intg, tthg @nd dy portions and this

theory applied to the measured contact shifts. Values for three hyperfine constants have been obtaifhd;)he
constant for the MOs that do natinteract with the water molecule, ti§NH3) constant for the MO that does

7 interact, and thé\(H,O) for the MO that does interact. The spin transfer for the ammonia ligand protons is

by hyperconjugation giving a positivg, and for the water proton it is mainly by covalent transfer of spin to the
nonbonding p orbital with polarization of the spin on the proton giving a negétive

I. Introduction Since then, a large number of variations of their original

The strong field 8complexes are well situated for combined €duations and methods of applying them have appéaiftiolit
theoretical and experimental studies. At low temperatures, the Unfortunately there were many mistakes in the equations and
EPR can be detected giving valuable information concerning I their application. This has been reviev# recently and a
the properties and nature of the ground state while, at higher "8W Simplified approach to applying the correct equations
temperatures, the paramagnetic shift can be measured giving’oPoSed-
information on the small hyperfine interactions between the spin  In this work we will be extending an approach to the
in the antibonding molecular orbitals and the ligand nuclei. One paramagnetic shift that has been appitesliccessfully to the
of the authors, B. R. McGarvey, has had serious misgivings tetrahedral C& and NP complexes and more recerithto
about the theories of the paramagnetic shift and their applicationsthe actinium tetrakis(methyl borohydrides). Previous approaches
for these complexes. As it turned out there were also problems
with the theories, or at least in their application to experiment, (2) Thornley, J. M. HProc. Phys. Soc. @968 1, 1024.
for the g matrix which made it even more difficult to revise the ~ (3) Hudson, A.; Kennedy, M. JI. Chem. Soc. A969 1116.

o . . (4) Griffiths, J. S.Mol. Phys 1971, 21, 135.
paramagnetic shift equations in a manner that was better but (5) Hill, N. J. J. Chem. Soc., Faraday Trans1872 68, 427.

still easy to apply to experimental systems. (6) DeSimone, R. EJ. Am. Chem. S0d973 95, 6238.
Much of the EPR and NMR work on strong field® d (7) Sakaki, S.; Hagiwara, N.; Yanase, Y.; Ohyoshi,JAPhys. Chem
; 1978 82, 1917.
complexes has been done r;)n”?eystems, but the. only simple (8) Sakaki, S.; Yanase, Y.; Hagiwara, N.; Takeshita, T.; Naganuma, H.;
and small complexes of Fe that are strong field are the Ohyoshi, A.; Ohkubo, KJ. Phys. Cheml982 86, 1038.

cyanides, so the bulk of the work has been done on the more (9) Gupta, H. K.; Dikshit, S. KPolyhedron1987, 6, 1009.
complex, but interesting, porphyrins, phthalocyanines, hemo- (10) Bohan, T.J. Magn. Resonl977 26, 109.

: . ... (11) Taylor, C. P. SBiochim. Biophys. Actd977, 491, 137.
globins, etc. To test a new theoretical approach, however, it is (12) Reiff, W. M.. DeSimone, R. Bnorg. Chem 1973 12, 1793.

much better to start with smaller and simpler systems. It seemed(13) Kaplon, D.; Navon, GJ. Phys. Chem1974 78, 700.
to us that the R¥ and O8" complexes were better systems to 8451; |\C/|Oté(-m’ SA- Aﬁ; %lbsgn, JF. % Cgem. So’\c/l. AEQYLJ_, 803J. B oG

H H edina, A. N.; Ganara, F. G.; baesso, M. L.; Lima, J. B.; McGarvey,
start with. By now there exist a .Iarge number of small B. R.: Franco. D. W.J. Chem. Soc.. Faraday Trans097 93 (11),
complexes, all strong field, of these ions that have been made 5195,

and characterized, but no serious study of the nature of the(16) DeSimone, R. E.; Drago, R. $. Am. Chem. Sod97Q 92, 2343.

paramagnetic shift has been undertaken with them. (17) Merrithew, P.; Lo, C.-C.; Modestino, A. lorg. Chem 1973 12
Bleaney gnd O’Brlahwere t.he first to explalln the nature (18) LaChance-Galang, K. J.; Doan, P. E.: Clarke, M. J.; Daghlian, H.:
and properties of the g matrix in these strong fietdsgstems. Rao, U.; Yamana, A.; Mandal, S.; Hoffman, B. M.Am. Chem. Soc

1995 117, 3529.
*To whom correspondence should be addressed. Permanent address(19) Ezzeh, C.; McGarvey, B. R. Magn. Resan1974 15, 183.
Department of Chemistry and Biochemistry, University of Windsor, (20) McGarvey, B. RQuim Naa 1998 21, 206.
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to the paramagnetic shift assumed the shift of a given nucleusfqr this intensity va_riation by including an intensity factor, which is
was proportional to the total spin of the paramagnetic ion. This given by the equation

new approach partitions the spin into those portions belonging 2 2 2 2 2 o

to different d orbitals and assumes the shift of a given nucleus S VR (Pl cos ¢ + % sin’ ¢)lsin” 6} 1)

is only proportional to that spin which belongs to d orbitals of 207 +9°+9)

appropriate symmetry. This seems an obvious thing to do, but _ _

the approach never seems to have been applied to those systerﬂ%dUd'”g these two featurgs produces a simulated spectrum that can
in which the d orbitals and their spins are mixed up by the-spin € Very close to the experimental spectrum. .

orbit interaction. In the transition metals this applies to all A simulation program has also been written that uses the simplex

t hich h | to havi TT d algorithm to do an automatic least-squares fitting of the tigrealue
systems which have, or are close 1o having.ari 1, groun plus three line width parameters. Although the program is slow (taking

state. a couple hours on a 100 MHz PC), it does find the best fit quite reliably.
We have found only a few serious studies of the paramagnetic A figure (Figure S1) demonstrating the excellence of the simulations
shift in R\ complexes. Waysbort and Navdmave reported  obtained is deposited as Supporting Information. It is for the EPR
detecting the paramagnetic shift of the coordinated ammonia spectrum of the [Ru(NEJs(H20)](TFMS); solid at 156 K.
ligand in [Ru(NH)e]3" ion in water solutions over an interval C. NMR. The NMR spectra were taken at the Departamento de
of temperatures in their study of proton exchange with the Quimica, Universidade Fede_ral dd@@arlo; ona B_ruker Advance
solvent molecules but only used it to explain the shift in the DRX 400 spectrometer which was equipped with a EuroTherm
water resonance with pH. Three related pal§ef® have BV 12000 variable-temperature accessory.
reported on EPR and NMR studies of [L(NsRuP* andcis- Ill. Theory
andtrans[LL'(NH3)4RUP™ complexes. The values obtained ) ) )
from EPR were used to estimate the dipolar component of the A g Matrlx. We start with the revised and_correct.ed theory for
shift, and the contact shift was obtained by subtracting this the g matrix of strong field _él systems that are slightly dlstor_ted from
. . . . octahedral symmetry, which has recently been the subject of two
dipolar shift from the measured shift. These studies were reviews2® This treatment uses thesCbasis functions
concerned only with the shifts in the conjugated ligands L and
L'; they presumably did not measure the ammonia peaks since ’_1 ilD: drdd tdd E
no shifts were reported. The studies did not attempt to obtain oM T L T L
hyperfine constants from the contact shifts but were concerned
only about the sign and relative magnitudes of the hyperfine
constants. 1 4. 4
For our first system to study we have chosen the [RufdH ‘O,iED: +id,'d; d_,7d dy 2)
(H20)13" and [Os(NH)s(H,0O)]*" ions. Although this system
seems simple enough, it turns out to present a few complicationsin which the sign convention plus use of the imaginary nunivezre

1 o
‘+1,ﬂ:§D= d,'d,dy dy d

as we shall see below. chosen to give two identical and real>x33 spin—orbit matrixes. If
Hc is the crystal or ligand field operator, tieandV parameters are
Il. Experimental Section defined in terms of the one electron matrix elements
A. Synthesis. The compounds [_Ru(Ni)t;(HZO)](TFMSk27 and mxy|HC‘deD= A msz|HC|dxzD=\_/= _mylecldyzD 3)
[Os(NHs)s(H20)](TFMS)?8 (TFMS = trifluoromethanesulfonate) were 2

prepared by literature methods and checked by-Wigible—IR
spectroscopic methods and electrochemical techniques.

B. EPR Spectra. The spectrometer was a Bruker ESP 300e H .= ZE("S) ()
equipped with a variable-temperature accessory and a liquakNar LS . :
insert. The magnet was capable of field sweeps as high as 1.4 T.

It was found difficult to get a good simulation of powder spectra we obtain the determinant
using the Bruker Simfonia program, for the large rangegofalues

Using these definitions and the spiarbit interaction operato, s

observed, so a simulation program was written that incorporates two ‘_1 lﬂ ‘O'_lﬂ ‘+1,:_LD
features not found in the commercial program. The first feature was 2 2
to include ag factor dependence in the broadening function’s line width. 1 1 1
The Gaussian and Lorentzian functions are really for the frequency ‘+1,—§D ‘OQD ’_17_5
domain and the line width parameters are frequency line widths while

the EPR spectra are run at constant frequency. Therefore, the line (ZA _ }E _ E) _£ \
widths in the field domain are inversely dependent ongkielue. This 2 V2 2

becomes important when tlgevalue ranges from 3 to 0, as it does in

the systems studied here. £ (A—E) 0 =0 (5
The second feature added was to recognize that the intensity from V2

a given crystallite in the powder pattern was not constant for all \V; 1

orientations of the magnetic field but was dependent upon the square > 0 (ZA +35- E)

of the g value perpendicular to the field direction along the direction
of the B; oscillating field of the microwave cavity. We can account The wave functions for the Kramer’s doublet ground state are chosen

to be
1 1
1 o3 o
M. J. Inorg. Chem 1997, 36, 1873. y-=4

1 1 1
15[+ blo—5 1+ cl+15]] ©)
(27) Krenztian, H. Mixed Valence Ruthenium Ammine Dinitrile and ) ) ) ) ) )
Related Complexes. Ph.D. Thesis, Stanford University, 1976. Neglecting spir-orbit admixtures with the excited statee( etc.),
(28) Lay, P. A.; Magnuson, R. H.; Taube, Horg. Chem 1989 28, 3001. the principalg-values can be calculated from the Zeeman interaction,

(24) Waysbort, D.; Navon, Gl. Phys. Cheml973 77, 960.

(25) Clarke, M. J.; Bailey, V. M.; Doan, P. E.; Hiller, C.; LaChance-Galang, Y, =a
K. J.; Daghlian, H.; Mandal, S.; Basto, C.; Lang, Dorg. Chem
1996 35, 4896.

(26) Rodriguez-Bailey, V. M.; LaChance-Galang, K. J.; Doan, P. E.; Clarke,

1
1,2
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H, = BB(kL + 2S), wherek is the orbital reduction factor. The resulting g matrix of these complexes. McGarvey and Kurl#ngave shown

principal g values are that it assumes the simple form
= —o— 2 — A (3cog 6 —1)
0, = —2[—2ac+ b?+ kv/2b(a — ¢)] (_v) = Y= Yol — 1) N
Yo R
- 2 sir’ 6 cos
g, = —2[2ac+ b’ + kv/2b(a + )] e~ 7] = % (12)
g,= —2[a° — b’ + & + k@ — ) )

wherey is the atomic magnetic susceptibility of the ion, ahdnd¢
) . o . ) are the polar angles giving the orientation of the distance veRtor
The earlier mentioned reviéyointed out that if we assign the labels connecting the metal ion with the nucleus whose NMR is being

of x, y, andz such thatA andV have the same sign aMA < %3, it measured. The atomic susceptibiligycan be calculated from the
is a simple matter to solve the above equations plus the normalization gquations

condition fora, b, ¢, andk, and from these the parametersAot and
V/& can be obtained. With this convention, the thgeealues in order ﬁz
of decreasing magnitude can only have the ordeggg, or ¢, gy, O« N=—— 2 (gnm)ziQnm (13)
For both orders, the first twg values are negative and the lowest 4arfmm
magnitudeg can be plus or minus. When one solves the equations for
the four assignments, one of the two orders givaé/a > s, leaving (9nm)z = —2[asany — byby, + C.Cp + k(@ay, — ciey]  (14)
us to make a choice between only two possible solutions for the system.
Often, an unrealistic value of eithkior A makes our choice easy. The
one trouble with this approach is the possibility that the labels you get (9,)x = —2[—(aﬂcm +a,c,) +bb,—
for x, y, andz may not be what you might have guessed intuitively, ‘
and this turned out to be the case in the systems studied in this work. K _ _

B. Theory of the NMR Paramagnetic Shift. In this theory we ﬁ(a”bm+ Bnfon ~ B b’“c”)] (15)
start with the above equations for tevalues and assume the values
of A, V, andk have been obtained as outlined above fromghalues
of the ground state as determined by EPR, at low temperatures where(nm)y = —2[(aﬂcm + ayCy) + by +
the spin lifetime is long enough to make EPR measurements. Using K
these parameters plgseq 4 can be solved and the mixing coefficients —
(an, bn, cy) for the three Kramer’s doublet states obtained, as well as V2
the energies of these states.

The approach used here was successfully applied to the cases of 2. Contact Shift. This part of the shift arises from spin transfer
tetrahedral C& and NP+ complexe® and to methyl borohydride from the & d orbitals of the metal ion into the orbitals of the ligand
complexes of actinid&susing the equations of Kurland and McGarvey: ~atom. The spin transfer mechanism could be a direct covalency

(8 + a,b, + bron + bmcn>] (16)

29 interaction or an indirect polarization interaction. In the case of orbitally
nondegenerate systems, the treatment of the hyperfine interaction has
Av (A, been f_ai rly s_traightforwqrd because we deal with a gr_ound stqt_e in which
27 q—l ery[]]"nw-r'mE@'m‘—l 'n 8) there is a single d orbital that can interact only with specific ligand
vo i e : yh nuclei and has a clearly defined valuemd for the spin. This is not

the case here, where the ground state is a mixture of all thogbitals
KT and a mixture ofns = &%, as can be seen in eq 6. We shall assume
q= Ze ) that the hyperfine operator4()i/yh] in eq 7 is of the isotropic form
n z,-A]!‘s, wherg refers to the ligand nucleus akdo the d orbital. Thus
when the operator is applied to for example thgaibital theA‘-xy are
(e BT _ g ErikTy zero for the two ligands on theaxis. Thus in eq 8 the shift for a
=T E-E) (10) given nucleug will have three terms of(j K)A and we will use eq 8
r-r to calculate theFi(j,k) which give the partitioning o§ among the d
orbitals that could spin interact with thth nuclear spin. This is not
ui = B(L; +29); (11) as difficult as it may sound, and after we average over three spatial
components, we end up with just three functions, which we will label
In the above equationisis X, y, or z, Er is the energy of the three ~ FadXd), Faly2), andFa(Xy). Fa(x2) andFa(y2) apply to ligands along
Kramer's doublets before the application of the magnetic fiiicand thez axis, Fa(x2) andFa(xy) to ligands along the axis, and so forth.
n andm refer to the different wave functions of the doubletAy)/ A computer program has been written to calculate these parameters
yH] is the hyperfine interaction operator in units of gauss, whose form and the susceptibility parameters appropriate to the dipolar shift. It
will be discussed below when we consider different components of Was our hope in developing these equations that we could separate out
the shift. The other Symb0|s have their usual meaning_ Equation 8is the dipOIal’ contribution to get the contact portion of the Shiﬂ, and then
a condensed form of the equation given by Kurland and McGaiey. ~division of the contact shift by the appropridtg, term would give an
They separated out the terms in whid (— Er) = 0 which have a estimate OfA,-k-
special limiting form. The above form is more amenable to program-
ming in a computer which has a subroutine to handle all possible values!V- Results

of AE = (Er — Er). _ o A. EPR of [Ru(NH3)s(H20)](TFMS)3 and [Os(NHs)s-
1. Dipolar or Pseudocontact Shift. This is the long range H,O)(TFMS)s. The EPR spectra of [Ru(Ngk(H-0)]-
component contributed by electrons centered on the paramagnetic meta] TFMS); and [Os(NH)s(H20)](TFMS); in the solid state and

ion arising from the anisotropy of the magnetic moment of the ion, ) \ .
which prevents the dipolar field from being averaged out by the N frozen solutions were obtained at a variety of temperatures

tumbling motion of the complex in solution. This is a particularly large ~ Starting with liquid nitrogen. Figures 1 and 2A show the spectra
shift in the strong field 8icomplexes due to the large anisotropy in the ~ Of the solid ruthenium and osmium compounds, respectively,
at different temperatures. The apparent decrease in intensity is

(29) Kurland, R. J.; McGarvey, B. R. Magn. Resan197Q 2, 286. due to increasing line breadth with temperature due to the

QIT’




2868 Inorganic Chemistry, Vol. 37, No. 12, 1998

T(K)
77
113
130
156
177

196
232

T I Y S B!
6000 8000 10000 12000

0 2000 4000 14000

et

Figure 1. EPR spectra at different temperatures for [RugNft.O)]-
(TFMS); powder.
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Figure 2. (A) EPR spectra at different temperatures for [OsgNH
(H20)](TFMS); powder. (B) Increased gain to show two parallel peaks.

decrease in spiff;. The integrated line intensity remains
constant after being corrected for the expected Curie law
dependence. Ng parallel peak can be detected in [Ru(fy
(H20)I(TFMS); while two peaks are observed for [Os(b)k
(H20)I[(TFMS); (see Figure 2B). Tests with the simulation
program show that thg parallel peak becomes impossible to
detect whery, < 0.6 due to the decreasing intensity of the peak
and broadening associated with the sngallalues.

At 77 K the simulation of [Ru(NH)s(H20)](TFMS); solid
givesgn = 2.620 and 0.6 g; = 0. The same values were

McGarvey et al.
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Figure 3. Variation ofgy andg, with temperature for [Ru(NJs(H-O)]-
(TFMS); powder. They were determined by a least-squares simulation
keepingg, fixed at 0.60.

1.36 and 1.05< k < 0.97 for [Ru(NH)s(H20)](TFMS); and
AIE = 0.39, 0.41 and = 0.98, 0.90 for the two forms of [Os-
(NH3)s(H20)][(TFMS);. Using the nominal values &= 1000
cm~1 for Ru3* and 3000 cm! for O’ the two values foA

are similar for the two compounds. In the analysis of the NMR
of the ruthenium compound, we will use the values\cdindk
obtained from botty, = 0 (A = 990 cnt! andk = 0.97) and

g = 0.6 (A = 710 cnmr! andk = 1.05).

For reasons that will be discussed below, we decided to
simulate the spectra at higher temperatures to examine any
changes irg with temperature. In Figure 3 are plotted the
values for the solid for [Ru(NEJs(H20)](TFMS). The smallest
g value was fixed in the simulation because its value has no
effect on the spectrum as long as it is kept small enough. The
line width increases with temperature due to the shortening of
the spinTy, but to get a good simulation it was necessary to
make the line width associated with the intermedigitealue
several hundred gauss larger than the others at the higher
temperatures. The centmlvalue moves so much that the&
value switches from plus to minus at the highest temperatures.
For the frozen solution of [Ru(Ngs(H-O)](TFMS); in 1,2-
propanediol carbonate the behavior is different in that the two
largestg values remain essentially equal and constant with
temperature, only the line width increases as the temperature is
increased.

Although simulation is hard for the solid [Os(NH(H20)]-
(TFMS);, the shape in theyg region at some temperatures
indicates something similar is occurring in this compound. It
can also be seen in Figure 2B that one ofdghpeaks moves to
higher values as the temperature increases, resulting in better
resolution of the two peaks even though the line widths are

obtained from frozen solutions in 1,2-propanediol carbonate andincreasing. The EPR of this compound has been reported before

water. For [Os(NH)s(H20)](TFMS); solid the simulation was
difficult due to the presence of two signals that resolved only
in the g, region. We are fairly certain that at 77 K one signal
hasgn = 2.3 andg, = 1.22 and the other hag; = 2.2 andg;

= 1.08. The twog, peaks were also observed in frozen water

for liquid-He temperature¥. The average of the twgy values

is smaller at liquid He than at liquid JNand the reverse is true
for the g, average. Either thg values move away from 2.00
as the temperature goes from 4 to 77 K or gnandgp remain
nearly constant while the other two move away from 2.00 and

solutions, so the two signals are not a crystalline-state phenom-cross the otheg values. We cannot tell which is the case until
ena. Also the same spectrum occurred in different preparationsa variable-temperature study is done between 4 and 77 K.
of the compound, so the double spectrum is a feature of the Despite this movement of trgevalues, the value oA/E at 4 K
pure molecule. The simulations were done by assuming equalis only slightly smaller than what we found at 77 K.

amounts of both species, but it became apparent that better

B. Proton NMR of [Ru(NH 3)s(H20)](TFMS) 3. The com-

results would have been obtained if we had assumed the pealpound is soluble in water, but we wished to avoid this solvent

with the smallerg, to be somewhat less than 50%.

Using the equations given in section IlIA, we obtair= 0
for both systems, naturally, and the values of 0FW/§ <

because we feared there would be rapid proton exchange with
the solvent, at least for the coordinated water molecule, and
this fear was justified. The compound was found to be soluble
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Figure 4. Proton NMR of [Ru(NH)s(H.O)|(TFMS) in 1,2-pro-

panediol carbonate at 5€ measured at 400 MHz. The peaks between
0 and 10 ppm are solvent peaks plus residual water from the solvent. Figure 5. NMR paramagnetic shift of the three proton peaks in [Ru-
From left to right the three broad downfield peaks have been identified (NHa)s(H20)]*" in 1,2-propanediol carbonate as a function of the

as axial ammonia, equatorial ammonia, and water, respectively. reciprocal Kelvin temperature given by the filled symbols. The open
symbols show the contact shifts after correction for the dipolar

component, obtained as explained in the text.
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in 1,2-propanediol carbonate, and if the contamination of the
solvent with water was kept small enough, we were able to
detect two downfield ammonia peaks and one water peak as
can be seen in Figure 4 taken at 323 K. The line width of these
broad peaks increased even more at the lower temperatures.
Spectra were taken from40 to 90°C, but it was found that a
reaction took place between the solvent and the solute between
70 and 9C°C turning the colorless solution bright red. Even at
room temperature the solution turned pink after a day or so.
The axial ammonia peak became too broad to deteet4dt

°C, and the bound water peak disappeared aboveCs@ue
presumably to its averaging with the residual water peak in the f
solution.
The paramagnetic shifts of the ammonia resonances were _ g'/ \PK
referenced internally to one of the solvent peaks to compensate £ g B
for internal fields from the paramagnetic susceptibility of the . . , -

solution. This was then corrected to reference the shift against
the shifts of 2.57, 2.91 ppm in diamagnetic [Ru(iH-0)]?+. Figure 6. Proton NMR of [Os(NH)s(H20)](TFMS) in 1,2-propanediol
We used the average of 2.7 as our diamagnetic reference fofca"eonate at 18C measured at 400 MHz. The peaks between 0 and
; . . . 10 ppm are solvent peaks plus the residual water from solvent. The

bo_th amm_oma shifts since the error in the measurement of theasymmetrical more intense peak furthest downfield resolves into two
shifts varied from+ 0.3 to & 2 ppm as the temperature separate peaks about 10 ppm apart at higher temperatures. As for the
decreased. The residual water peak in 1,2-propanediol carbonateuthenium compound, the three peaks are axial ammonia, equatorial
was found at 2.91 ppm, and this was used as our diamagneticammonia, and water from left to right.
reference as we had no value for the bound water peak in the
diamagnetic [Ru(NB)s(H.0)]2*. The error in the water peak V. Discussion
shift varied from=+0.3 at the h!ghest temperature:ﬁﬂ at the A. Orientation of the g, Axis in the Complex lon. When
Iovyegt temperature, so our estimate of the d|amagnet.|c referenche first attacked this problem we fell into a trap by assuming
shift is p_roba_bly accurate _enough. Th_e paramagnetic shifts areihe g1 axis observed in the solid-state EPR was the ®H,
plotted in Figure 5 against the reciprocal of the absolute gyis'of the complex. Certainly this is a high-symmetry axis in
temperature. solution as evidenced by the NMR, which shows four equivalent

C. Proton NMR of [Os(NH3)s(H-0)[(TFMS)3. Theresults  equatorial ammonia resonances and a separate resonance for
are similar to that in the ruthenium compound, and the spectrum the single trans ammonia. Unfortunately this assumption forces
observed at 16C is shown in Figure 6. The more intense us to reach certain untenable conclusions from our results. The
unsymmetrical peak at 115 ppm contains the trans and equatoriafirst untenable conclusion comes from the positive valua of
ammonia peaks separated by 10 ppm. The two peaks arewhich means that the one electron energy fgrislabout 1000
resolved at higher temperatures as the line widths becomecm above the g, orbitals. This is unreasonable since the
narrower. The lowest temperature at which we could detect splitting of the % orbitals is due tar bonding, and the only
the resonance lines was33 °C, and the highest temperature sizablesr bonding would come from the nonbonding electrons
was 67°C when overheating of the probe forced the stop of of oxygen in the water molecule which is on thexis.
the experiment. At the highest two temperatures, additional The second untenable conclusion comes when we try to
small resonances appeared in the-260 ppm region, which calculate the contact shift for the two types of ammonia protons.
along with the appearance of a pink color indicated that a If we takeg axis to be the M-O axis, theny, — xn) is negative
reaction was proceeding between the solute and the solventand the dipolar shift for the axial ammonia will be large and
just as was observed in the ruthenium compound. The shiftsupfield while the shift for the equatorial ammonias will be
are plotted in Figure 7 versus the reciprocal temperature. downfield. This will place the axial contact shift in the 200
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Figure 7. NMR paramagnetic shift of the three proton peaks in [Os-
(NH3)s(H20)]3" in 1,2-propanediol carbonate as a function of the
reciprocal Kelvin temperature given by the filled symbols. The open
symbols show the contact shifts after correction for the dipolar
component, obtained as explained in the text.
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the dipolar or “pseudocontact” shift, so we first need to estimate
the dipolar shift using eqs $216. Here we have a problem in
that the parameters we use in the calculation are for a rigid
molecule in which the distortion axis in thg matrix is
perpendicular to the MO axis. Presumably in solution, the
water molecule is rotating rapidly about the D axis
producing an average. Our problem is what model do we use
to represent this rotation? After some consideration of the
problem, we have opted for the free rotation model in which
the g, axis is assumed to take all possible orientations in the
equatorial plane of the complex ion. We have chosen this model
because we believe there is only a small barrier to rotation of
the water molecule within the complex itself. The essei@ial
symmetry of the rest of the complex ion allowsbonding for
any orientation. We have tried some possible jump models,
but the results are not that different, in the end.

For our calculations we will label thg, axis as thez axis
and recognize that it is perpendicular to the antibonding MO
and therefore is in the plane of the,® molecule and
perpendicular to the MO axis. We will call the M-O axis

300 ppm range and the equatorial shifts near 50 ppm. This isthe x axis.

an unreasonable result for a system in which the unpaired

electron is supposed to be mainly in g drbital.
The answet to this problem comes when we recognize that
in EPR we are dealing with a rigid system in which the water

molecule is fixed in space. Only the electron pair in the oxygen

atom perpendicular to the water molecule plane tatonate
into the one £ orbital that cant bond with this oxygen orbital.
Thus the antibonding orbital involving this orbital is raised
above the other two and the major distortion axis, is

perpendicular to the plane of this orbital and therefore perpen-

dicular to the M-O bond direction. Of course, in solution the
water molecule rotates about the-D axis, which means the
gy axis rotates also, giving rise to a symmetry axis about
in which theg, andgg average to give a negy in the equatorial
plane while the oldy; along the M-O direction becomes the
new g.

This could explain the variation ig with increasing tem-
perature observed for sol{dRu(NHs)s(H20)][(TFMS);. There
could be a partial averaging of the tvgs in the equatorial

plane due to some motion associated with the orientation o
the water molecule. The existence of two resonances in [Os-

(NH3)s5(H20)](TFMS); could be due to two different orientations
of the water molecule in which a variation in the lattice fields
for the two orientations could produce two slightly different
values. This new orientation of the axis will be shown below

to predict more reasonable contact shifts for the ammonia

protons.
It should be pointed out that this location of the major
distortiong axis perpendicular to the bonding axis of a ligand

that # bonds only in one plane has been postulated be-
fore 18252631 |n these cases, the ligand was an aromatic ligand

and not the simple water molecule. The valueAobbtained

here from theg values is a direct measure of the value for the

angular overlap model, AOM, parameter &f for HO. Our

results also demonstrate that thénteraction involves only one

of the two d orbitals that could interact with the oxygen atom.
B. NMR of [(Ru, Os)(NH3)5(H20)[(TFMS)3s. The shifts

shown in Figures 5 and 7 are the sum of the contact shift and

(30) B.R.M. thanks Professor C. E. Stfea, University of Copenhagen,

If we assume rotation of Npabout the M-N bond and this
bond makes an anglewith the g, axis, we can write

(3cog 6 — H_@G codk —1)(3cody — 1)
R 2R

whereR is the distance between the metal ion and the proton
on NH;z andy is the angle between the vector and the M-N
bond. For the axial ammonia= 90° for all the orientations

in the rotation of they, axis, so it is not affected by the rotation
of the water molecule within the complex. For the equatorial
ammonia molecules we take the average of (Feos 1) to
bel,in eq 17. In the case of 4D, theg, axis rotates with the
water molecule so tha# = (90° — v) at all times. In the
calculation of the dipolar term we have udRgln = 2.105 A8
Rosn = 2.113 A32 andRyy = 1.06 A. For simplicity we took
Rwo = Run. When the calculated dipolar shift is subtracted
from the experimental shift, we have the contact shift, which is

17)

fplotted in Figures 5 and 7. The contact shifts shown in Figure

5 were calculated using parameters obtained from assugping
= 0.0 for the ruthenium compound. Using values from
assumingy, = 0.6 gave a dipolar shift 2 ppm smaller for the
equatorial ammonia resonances and 4 ppm smaller for the axial
ammonia and water resonances. These dipolar shifts are quite
large, and applying the correction inverts the order of the shifts
with the contact equatorial shift for ammonia being larger than
the contact axial shift for ammonia. The correction also changes
the sign of the shift for the water peak in the ruthenium complex.
In most treatment$ of the dipolar shift, it has been assumed
that one can ignore the excited states and use only the ground-
state contribution as given by the equation

Av_ [BSS(S+ 1) 1 (3cog 6 — 1)
Ve (—ng {’gf B B

3 sin? 6 cos 2

E(sz - gyz)T (18)

Since our program also calculates this quantity, we can easily

Copenhagen, Denmark, for useful discussions that pointed us in the establish the error in ignoring the excited states in calculating

correct direction.

(31) Byrn, M. P.; Katz, B. A.; Kader, K. R.; Levan, K. R., Magurany, C.
J.; Miller, K. M.; Pritt, J. W.; Strouse, C. B.. Am. Chem. S0d983
105 4916.

the dipolar shift. In the case of the complex the error varied

(32) Hambley, T. W.; Lay, P. Alnorg. Chem 1986 25, 4553.
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Figure 8. Hyperfine parameters as defined in the text for [RughH
(H20)]**. The square symbols are fé{, , the circles are foAg,
and the stars are foAﬁ’zO. The closed symbols were obtained by
assumingy, = 0.0 for the solid compound, and the open circles were
obtained by assuming 0.60 fgy.

from 13% to 21% from the lowest to the highest temperature
and for the osmium compound the error varied from 6% to 8%.
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Figure 9. Hyperfine parameters as defined in the text for [Osg¥H
(H20)]**. The square symbols are &, the circles are foAg, ,
and the stars are fok{ .

would be measured in the EPR spectrum, you must multiply
these values by#h/gs8e which is 1.5192704x 1073 for the
proton; thus even the largeAtreported here is about 0.1 G in

In all cases, eq 18 calculated a larger shift in magnitude. The an EPR spectrum.

main reason for the difference from eq 18 is in the Zeeman

Since the d orbitals do not have anyinteraction with the

mixing terms between the ground state and the excited stateshitrogen in the ammonia ligand, it is reasonable to ask from

which do not depend on the thermal population of the excited
state but are a function af/&.

Using the methods explained earlier in section 11IB2, we can
write for the three contact shifts

contact shift of HO = F, (xY)AS 5 + Fa(x9A{ o (19)
contact shift of axial N = F,(xy)A¥, + F.,(x9AT,,
(20)

contact shift of equatorial Nj= 0.5F,(xy)Al, +
O'H:av(xz) XZH3 + ':a\XyZ)AﬁH3 (21)

Wi, is easily obtained from egs 20 and 21. Symmetry
makesFa(x2 = Fa(y2, and it seems reasonable to have
wH, = A, Which allows us to extract a value 8y, from
eq 20. We have assumed tigf, andAS should be similar
because, as will be discussed below, they result from the sam

where does the hyperfine interaction with the ammonia protons
come? The answer lies in a mechanism that has sometimes
been referred to as hyperconjugation. The NH bonds keep the
protons well away from the nodal plane of the d orbital, and at
least one of the three bonding MOs belongs to the same
irreducible representation as the d orbital so a small but direct
transfer of spin into th H s orbitals is possible, producing a
positive hyperfine interaction. This same mechanism leads to
the well-known large positive hyperfine constant observed in
aromatic free radicals whem spins interact with protons in a
methyl group. This same mechanism should operate in the case
of A§, where the protons lie in the plane of.d The case of
A,ﬁylo is different in that here there is a direat interaction
which results in the transfer of spin into an oxygen p orbital
but this cannot be transferred into the hydrogen s orbital because
it lies in the nodal plain of the p orbital as well as of the d
orbital. It is well-known, again in aromatic free radicals, that
there is a polarization mechanism that produces a measurable
hyperfine interaction, but in this case the constant has a negative

&ign just as is observed here. Thus the signs we observe are

spin transfer mechanism and used this assumption to extraCtyomnjetely consistent with known spin transfer mechanisms we

A’,?’ZO from eq 19. This assumption should not seriously affect
the value of A, becauseF,(x2 is 1 order of magnitude
smaller tharFav(xy). The values obtained in this fashion are
plotted in Figures 8 and 9.

If the theory and all the approximations made to obtain the

contact shifts were good, we should expect no temperature
The temperatur

dependence in the hyperfine parameters.
dependence observed AVX,ZHB is due to the near temperature
independence df,(y2 whenA/& is one or larger. It will be

noticed in Figure 8 that the temperature dependence is noticeabl

less when the parameters appropriaté\t§ = 0.71 are used.
We suspect that inclusion of configuration mixing gfoebitals
allowed by the lowC,, symmetry would begin to correct this

problem. It should be noted that the magnitude and signs of

e

expect will be operating in this system.

Waysbort and Navdf have reported the measurement of the
paramagnetic shift for the ammonia ligand in [Ru(Y4HClz in
water solutions for 257 °C. On average there should be no
dipolar shift in this system so the measured shifts are contact
only. Applying our method of analysis to their data gives:,
= 29 G, which is constant over the temperature interval of the
measurements. This should be compared to our values of
and AJ, . It is interesting to note that their value is
approximately the average of the twiovalues we obtained.
Apparently thesx interaction in gy results in a reduction of
Al, and an increase iAY, .

The A%}, value is rather small in magnitude considering the

the hyperfine constants are very similar for both complexes. A significant3amount ofr covalency suggested hy. We think

word of caution concerning the gauss unit used here is in order.this is not evidence of a small transfer of spin to the oxygen
These are expressed in the proton system, not in the electroratom but evidence of a reduced polarization of spin on the H
system used in EPR. If you wish to know the valuefdds it atom due to the very high ionic character of the OH bond. It is
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Figure 10. Calculated values dfi(x2) (defined in the text) for [Os-
(NH3)s(H20)J*" as a function of the reciprocal Kelvin temperature. The

plot is shown to demonstrate the large anisotropy of the term. You ge

the same plot foFi(y2) except the subscripts farandy are interchanged
to preserve the axial symmetry of the complex ion.

known from the X value?®® of this water molecule that the Ru
does increase the polarity of this bond significantly.

McGarvey et al.

VI. Conclusions

We have considered, above, the error incurred when using
the standard eq 18 in evaluating the dipolar contribution to the
shift and found that at most the error could be of the order of
20%. We did not address the errors incurred in applying the
McConnell and Robertshequation for contact shifts, which
has the following form forS = %/, systems

Av_Gafe A_ A
v 4KTyh vhA
For the [Os(NH)s(H.0]3" example plotted in Figure 10, o&r
values at 300 K are betweéh and'/; of theF in eq 22. The
F value in eq 22 is supposed to be the sum of allkherms

in the ion. At 300 K the sum of all threE values comes to
about 47% of the value obtained from eq 22. Thus, large errors

(22)

1 are to be expected if eq 22 is applied to the strong fiélibas,

even in the high-symmetry complexes where only one hyperfine
parameter is to be expected.

We have shown that the joint application of EPR and NMR
spectroscopy to a simple strongrdetal complex is capable of
extracting detailed information about the nature of the

In our development of the equations for the contact shift we interactions with ligands and the nature of the spin distribution

have assumed that the hyperfine interaction contains only theln the neighboring ligands. The success of the theoretical
Fermi contact term, and for the proton NMR studied here, this @PProaches outlined above make it possible to mount an

is a reasonable assumption. If you were to apply our equations€xtensive study of related complexes, giving us specific
to nuclei in which there is a sizable dipolar contribution to the Parameters whose values can be compared and related to specific

shift, 413N for example, then there is a complication. THhe properties of the complexes. We hope to undertake such a task.

(j,k) values are very anisotropic, and therefore, the dipolar terms
will not average out but will instead contribute to what we call
the contact shift. This anisotropy is a result of the mixing up
of spin and angular momentum states by the -spirbit
interaction. It is illustrated in Figure 10 where y, and z
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