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Abstract: Mn(hfac)2(NITiPr), where hfac is hexafluoroacetylacetonate and NITiPr is 2-isopropyl-4,4,5,5-tetramethyl-4,5-
dihydro-1//-imidazoline-1-oxyl 3-oxide, is a one-dimensional ferrimagnet that orders ferromagnetically at ca. 8 K. NMR 
experiments performed on polycrystalline powders and single crystals in the paramagnetic phase show that the spin-lattice 
relaxation rates of both 1H and 19F in the range 8-90 MHz follow a K"'/2 dependence down to about 20 MHz, while below 
the frequency dependence is reversed. The frequency dependence above 20 MHz is typical of a one-dimensional magnetic 
material, confirming that ferrimagnets are similar to ferromagnets and antiferromagnets under this respect. The breakdown 
of i>~]/1 dependence observed in the low-frequency range is related to a cutoff mechanism of spin-diffusive behavior, due to 
intrachain dipolar interactions. This result sets an upper limit to the interchain exchange coupling J'<6X 10""4 cm"1, which 
confirms the dipolar model for magnetic ordering previously suggested. 

Introduction 
Magnetic molecular materials exhibiting spontaneous magne­

tization below a critical temperature are attracting increasing 
interest.1"10 Although the critical temperatures to three-di­
mensional magnetic order are still closer to the liquid helium than 
to the liquid nitrogen range, the reported materials have already 
shown new magnetic behaviors, which provide useful testing 
grounds for existing theories or good opportunities for extending 
them. 

Essentially all the magnetic molecular materials reported so 
far order three-dimensionally starting from one-dimensional 
structures so that, in order to understand which are the driving 
forces to magnetic order, it is necessary to have a good under­
standing of the high-temperature low-dimensional properties.""17 

Magnetic resonance techniques are extremely well suited to 
characterize one-dimensional materials,18"22 showing peculiar 
features that provide information on the spin dynamics,23"28 on 
the structural properties, and on the phase transitions.29'30 

Magnetic resonance studies have initially concentrated on the 
one-dimensional ferromagnets and antiferromagnets, because 
initially these were the only types of materials available. 

The recently reported one-dimensional ferrimagnets31"35 have 
opened new possibilities of investigation. EPR, which is well known 
to provide a very powerful tool in order to obtain a deep insight 
into the properties of these materials,35"39 showed that the one-
dimensional ferrimagnet, which up to now conforms better to the 
ideal behavior, is Mn(hfac)2(NITiPr),35"40 where hfac = hexa-
fluoroacetylacetonato and NITiPr = 2-isopropyl-4,4,5,5-tetra-
methyl-4,5-dihydro-l//-imidazoline-l-oxyl 3-oxide, whose structure 
is reported in Figure 1.35 In fact, EPR spectra provided an upper 
limit to the inter- to intrachain exchange ratio J'jJ of 10"3 and 
the preferred spin orientation in the paramagnetic phase, which 
suggested that the driving force to three-dimensional magnetic 
order for this compound is the dipolar interaction between the 
chains. Although this interpretation seems reasonable, there is 
still some possibility of doubt, because with J = 330 cm"1, esti­
mated from the magnetic susceptibility, the upper limit of J s 
0.3 cm"1 would still allow an exchange-determined magnetic order. 

In order to have a direct measurement of weak interactions, 
NMR is intrinsically better suited than EPR, because it samples 
the response of the systems to the low-frequency magnetic ex­
citations. Therefore, we decided to record the NMR spectra and 
measure the relaxation times of 1H and 19F in Mn(hfac)2(NITiPr) 
in order to check whether they can indeed provide a direct 
measurement of the interchain interactions, and consequently 
precious information on the mechanism of magnetic order in this 

* University of Florence. 
' University of Pavia. 

0002-7863/91 /1513-8410S02.50/0 

class of magnetic molecular materials. We report here the results 
of this investigation, together with the development of the necessary 
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Figure 1. View of the chain structure of Mn(hfac)2(NITiPr). The 
fluorine atoms are represented by filled circles while methyl groups and 
hydrogen atoms are not reported for sake of clarity. 
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Figure 2. 1H (•) and "F (D) spin-lattice relaxation rates of polycrys-
talline powders of Mn(hfac)2(NITiPr) at various frequencies. The lines 
are best fit curves calculated as described in the text. 

theoretical framework, and hope to be able to show how indeed 
NMR experiments can provide a deep insight into the magnetic 
properties and spin dynamics of molecular magnetic materials. 

Experimental Section 
Mn(hfac)2(NITiPr) single crystals were obtained as previously de­

scribed.35 They are long thin shaped with elongation axes corresponding 
to the c crystallographic axes, along which the chains are directed. 

NMR measurements were performed on a pulse FT spectrometer, 
built around a pulse programmer, a double-side band rf switch, and a 
receiver by MMid-Continent Instrument, an ENI LPI-10 wide-band 
power amplifier, and a Fluke 6060A synthesized rf generator. The 
acquisition and the digital manipulation of the NMR FID signals was 
performed by an HP 54501A digitizer interfaced to an Olivetti M24-pc, 
while the static magnetic field was generated by a Bruker B-M-10 
electromagnet. 
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Figure 3. Angular dependence of the "F spin-lattice relaxation time of 
single crystals of Mn(hfac)2(NITiPr) at 65 MHz (O) and 48 MHz (*), 
respectively. 0 is the angle of the external magnetic field with the chain 
axis. The line is the curve calculated as described in the text at 65 MHz. 
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Figure 4. "F spin-lattice relaxation rates of single crystals of Mn-
(hfac)j(NITiPr) with the external magnetic field parallel to the chain 
axis. The line is the best fit curve calculated with (7). 

1H and "F resonance spectra, T1, and T1 on the powdered sample at 
various frequency in the range 8-90 MHz were recorded. Oriented 
crystals "F Tx were obtained in the frequency range 29-82 MHz at 
various orientations of the crystals with respect to the external magnetic 
field. 

Results 

The NMR spectra of polycrystalline powders of Mn(hfac)2-
(NITiPr) in the frequency range 11-90 MHz show a single line 
for both 19F and 1H nuclei, about 30 and 65 KHz wide, respec­
tively. The 1H spectrum at high frequency (90 MHz) is an 
exception, showing two shoulders flanking the central line at about 
±25 KHz. Line shape analysis of the free induction decay, FID, 
indicates that the observed lines are approximately Gaussian. 

Spin-lattice relaxation times, T\, were obtained by using the 
standard saturation recovery method characterized by the pulse 
sequence ( 9 0 ° - T - 9 0 ° - A Q - D T ) „ : The recovery of the longitudinal 
equilibrium magnetization after the first ir/2 pulse is analyzed 
by applying the reading pulse after a variable delay r and by 
following the values assumed by the FID after a fixed time t. 

In the powdered samples, the recovery was found to be mo-
noexponential over one decade. The relaxation rates for the two 
nuclei are plotted in Figure 2 versus vn~

1/2. It is apparent that 
at high frequencies the relaxation rates of both nuclei yield a 
reasonably linear dependence, increasing with increasing v„~^2, 
but below vn s 17 and 22 MHz for 1H and 19F, respectively, the 
experimental relaxation rates decrease with decreasing frequency. 

Single crystals of Mn(hfac)2(NITiPr) were not big enough to 
allow a direct NMR measurement, due to sensitivity reasons. 
However, it was possible to use a bunch of isooriented crystals 
on a suitable sample holder. The habitus of the crystals is that 
of needles with the elongation axis corresponding to the chain axis, 
so that it was relatively easy to orient them all with parallel long 
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axes. Since the four developed (100), (010), (TOO), and (OlO) 
faces cannot be morphologically recognized, the crystals were 
randomly glued to the sample holder lying on these faces. As a 
consequence, the external field has a random projection on the 
ab plane. 

The longitudinal magnetization recovery was found to be de­
scribed by a single exponential for 6 angles smaller than 50°, where 
6 is the angle between the external magnetic field and the chain 
axis. For larger angles, we observe some deviations from mo-
noexponential at the end of the first decade, but so small that we 
cannot properly define either a biexponential recovery or a dis­
tribution of T1's: In these cases, the T1 value is the one better 
reproducing the recovery as a monoexponential decay. 

The spin-lattice relaxation times of 19F measured on oriented 
crystals are plotted in Figure 3 as a function of 6 at two fre­
quencies. The plots show a monotonic decrease of T1 on increasing 
6. The angular variation of the relaxation time is remarkable and 
more evident at the higher frequencies. The frequency dependence 
of the spin-lattice relaxation rates of 19F in the range 29-82 MHz 
for 6 = 0° is plotted in Figure 4. In this range, the spin-lattice 
relaxation rate is linear with v„~,/2. 

Spin-spin relaxation times, T2, were measured by using the 
standard technique of the Hahn spin-echo method defined by the 
pulse sequence (90/-T-180,"-T-AQ-DT)n, which permits the 
refocusing of the transversal components of the magnetization after 
the time 2r. 

The measured T2 was found to be much shorter than T1 at 
various frequencies. It is ca. 30-40 /us for both 1H and 19F in the 
powders, and about 70-80 /us for 19F in the oriented crystal sample. 
Noteworthy is that the T2's are longer than the corresponding 
r2*'s, which describe the FID and determine the line width (for 
the powders, T2 = 30-40 ^s versus T2* s 5 us; for the oriented 
crystals, (i) with 8 = 0°, T2 s 70 ̂ s versus T2* ss 30 us, (H) with 
8 = 90°, T2 s 80 us versus T2* s 13 MS). 

Discussion 
Theoretical Model. In a one-dimensional magnetic solid, the 

relaxation rate of a / = l/2 nucleus, which might be either 1H or 
19F, is determined by the fluctuations of the field at the nuclear 
site due to the electron spins.41,42 The homonuclear dipolar 
contribution to the relaxation is negligible due to the lower intensity 
of the interactions compared to the nuclei-electrons ones, and 
because the nuclear motions are much slower than the motions 
of the electrons. In the high-temperature limit (kT » JS(S + 
1) for a chain of spins), where the electron spins are largely 
uncorrelated, the magnetic field felt by the nucleus is the sum 
of the contributions of the dipolar and isotropic components of 
all the electron spins in the lattice: 

h = E,h, = -EfYe^ 
S,. 3(r,-S;)r, 

+ -S1-
7 e 

(D 

where / numerates the spins in the lattice, r,- is the distance of the 
nucleus from the electron spin, and A1 is the corresponding constant 
for the contact interaction. Pseudocontact interactions can be 
safely neglected in this case, when the electron spins are highly 
isotropic. 

The spin-lattice relaxation rate can be written as24'28 

Tf' = 2/,S(S + D ^ V ^ E y t a f ^ K ) + atjjTM)] (2) 

where the afs are numerical coefficients that can be calculated 
by using the dipolar and contact components of (1) and the spectral 
density fy(w) are the Fourier transforms of the correlation 
functions of the spin components: 

yf/u>) = fg?j(t) exp(ico») dt 

gftt) = (Sf(O)Sf(I)) 

(3) 

(4) 

with / and j numerating two spin centers. The physical meaning 
of the correlation function is that of providing information on how 
a system on which a perturbation is created at time t = 0 reverts 
to thermal equilibrium. (Sf(0)Sj*(t)) is a statement of the 
probability that the perturbation created on site <' is located on 
site; at time t. If the system does not react to the perturbation, 
the normalized correlation function is equal to zero and inde­
pendent of time. 

On the NMR time scale, the most important mechanism that 
allows the system to return to equilibrium is spin diffusion,43 caused 
by the gradient of magnetization generated by the perturbation. 
This mechanism strongly depends on the type of system. In fact, 
the correlation decays as t'd/1, where d is the lattice dimension­
ality.19 For three-dimensional systems, the t'3/2 dependence is 
so fast that the effects of the spin diffusion do not show up in the 
spectra. Conversely the rl/2 dependence for one-dimensional 
materials determines a very slow decay of the spin correlation 
because exchange is much less effective in one dimension than 
in three dimensions to keep the spins informed of what is hap­
pening in the lattice. It is therefore the persistence of the cor­
relation that gives unique features to the magnetic resonance 
spectra and relaxation times of one-dimensional magnetic ma­
terials. 

The diffusive behavior is given, for one-dimensional systems, 
Dy44,45 

giJ(t) = (4TDr)-1/2exP[-(/-;)2/4Z)r] (5) 

(41) Dingle, R.; Lines, M. E.; Holt, S. L. Phys. Rev. 1969, 187, 643. 
(42) Hutchings, M. T.; Shirane, G.; Birgenau, R. J.; Holt, S. L. Phys. Rev. 

B 1972, 5, 1999. 

D is a parameter related to the efficiency of spin diffusion, which 
both calculations46,47 and experiments24 showed to be of the order 
of we, =» J/h. At long times, all the spin correlation functions 
become equivalent, because the exponential tends to 1. The 
corresponding spectral densities, and the spin-lattice relaxation 
rates, depend on oT1/2 in the high-temperature limit.23 Therefore, 
a linear frequency dependence of 7","1 on u'l/2 is an indication 
of one-dimensional behavior. 

Deviations of the relaxation rates from diffusive behavior can 
be observed at long times (corresponding to small NMR fre­
quencies) as the result of either interchain interactions, which 
effectively transform the system in a two- or three-dimensional 
material, or also by intrachain dipolar interactions when they have 
a frequency comparable to the nuclear Larmor frequency. Both 
effects can be described by a fast decay of the correlation function, 
which goes rapidly to zero around a cutoff time tc. The corre­
sponding cutoff frequency, a>c, can be determined in a variable-
frequency experiment as the frequency at which the diffusive 
behavior is lost. Therefore, the determination of the frequency 
dependence of the nuclear spin-lattice relaxation rate is a very 
sensitive way of determining how effectively one-dimensional a 
material really is, and also to give an insight into the reasons that 
make it deviate from diffusive behavior.23,24,27 

Calculations. In order to calculate the relaxation rates with 
(2), it is necessary to have a knowledge both of the electron-
nucleus coupling coefficients and of the diffusion coefficients or 
simply of the exchange frequency. 

The theoretical approach extensively reported in ref 24 and the 
development of ref 27 need some changes in order to apply (2) 
to the one-dimensional ferrimagnet Mn(hfac)(NITiPr). First of 
all, the crystal structure35 shows the existence of 24 and 26 
magnetically different fluorine and hydrogen atoms, respectively. 
In fact, although the asymmetric unit in the cell comprises 12 
fluorine and 13 hydrogen atoms, the chain structure is obtained 
by the application of the glide plane, which makes adjacent units 
magnetically not equivalent. 

Each fluorine and hydrogen atom should relax according to its 
own T1, and as a result the observed recovery of the equilibrium 
magnetization should be polyexponential also in a single crystal. 

(43) Kadanoff, L.; Martin, P. C. Ann. Phys. (N.Y.) 1963, 24, 419. Ben­
nett, H. S.; Martin, P. C. Phys. Rev. 1965, A1S8, 608. 

(44) Blume, M.; Hubbard, J. Phys. Rev. 1970, Bl, 3815. 
(45) McLean, F. B.; Blume, M. Phys. Rev. 1973, Bl, 1149. 
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(47) Carboni, F.; Richards, P. M. Phys. Rev. 1969, 177, 889. 
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Experimentally we always observe a monoexponential process, 
except in the oriented crystal data in which, for 6 > 50°, there 
are some deviations that however are not large enough to define 
the parameters for multiexponential decay. 

The observation of a single Tx is probably due to the short values 
of T2, which cause the occurrence of one common spin temperature 
for 1H and another for "F. As a consequence, the equation (2) 
for T1'

1 must be modified to take into account that the experi­
mental relaxation rate is the average of the individual relaxation 
rates of the various nuclei. A similar procedure was previously 
used in the interpretation of the NMR data of the one-dimensional 
ferromagnet CHAC.28 

We assume that the dipolar contributions are dominant in the 
electron-nucleus coupling on the basis of the following consid­
erations: (i) the contact contribution must be small because the 
nuclei and the electron sites are separated by at least three a 
bonds;48 (ii) the strong angular dependence of the experimental 
relaxation rate which shows that in every case the main contri­
bution is dipolar in origin. 

Different from the previously reported cases of one-dimensional 
ferromagnets28 or antiferromagnets,23 we must consider that here 
the relaxation is due to the interaction with both the S1 = 5/2 spins 
of manganese(II) and the S = [/2 spins of the radicals. Actually, 
since we must compute the two-spin correlation functions, we have 
to deal with correlation functions of two Mn spins, of two radical 
spins, and of the cross correlation of a Mn and a radical spin. The 
corresponding dipolar coefficients are expected to scale as 

SMn(SMn + D/'-NMn6: V5Mn(^Mn + D S R ( S R + I ) / 

( ' N M A N R 3 ) : S R ( S R + l)/rNR« (6) 

where N indicates a nucleus and R a radical and r is the distance 
between the indicated centers. The delocalized radical spin can 
be considered to be placed with half an electron on each NO 
group.49 

For hydrogen atoms, the three contributions are comparable, 
and no one can be neglected in the calculation. For fluorine nuclei 
on the other hand, the most important contribution comes from 
the interaction with the Mn centers, thus simplifying the calcu­
lations. 

Taking into account that at long times all the correlation 
functions become equal, the spin-lattice relaxation rate for the 
fluorine nuclei can be expressed as 

TC1 = 2/3/S2SM„(SMn + I ) X ( O ) W W + A+f(u<)\ (7) 

A" = ZpApIN = a 2 £ ,£ ,L ,E^ ,^ f + M , / ;Vand 02 = y^h2, 
with p numerating the various nuclei and / the different nearest 
chains and the a" coefficients being the nuclei-electrons dipolar 
coupling coefficients expressed as functions of the radial coor­
dinates rip, BiiP, and <filtP, with the azimuthal axis coincident with 
the chain axis: 

tfj - 9A(Sm B1 cos B1 sin B1 cos Sj) cos (<p,- - <pj) /{r?r>) (8) 

a% = '/8f(l - 3 cos2 B1) X 
( 1 - 3 cos2 B1) + 9 sin2 B1 sin

2 6, cos 2(<p, - <fj)\/(r>r>) (9) 

X(O) is the static susceptibility, which must be taken into account 
because in Mn(hfac)2(NITiPr) the high-temperature limit is not 
attained due to the large intrachain coupling constant. The 
spectral density functions f(w) and J*(w) are equal to each other 
at high temperature due to the isotropy of the exchange Ham-
iltonian. 

In the actual calculation, we have considered the interaction 
of the fluorine nuclei with the 20 nearest neighbor chains, each 
made of 30 manganese spins. We stopped the calculation at this 
level, because convergency tests on the A" coefficients showed that 
inclusion of additional spins or chains gave only small variations 
on the calculated values. 

(48) Bertini, I.; Luchinat, C. NMR of Paramagnetic Molecules in Bio­
logical Systems; Benjamin Cummings: Menlo Park, CA, 1985. 

(49) Caneschi, A.; Gatteschi, D.; Grand, A.; Laugier, J.; Pardi, L.; Rey, 
P. Inorg. Chem. 1988, 27, 1031. 

Analysis of the Experimental Relaxation Rates. In the diffusive 
limit, the nuclear spin-lattice relaxation rates must be frequency 
dependent,23 with a or'/2 dependence, as we experimentally observe 
for both "F and 1H nuclei. The nuclei here act as probes of the 
electron correlation, and as a consequence the frequency behavior 
is independent of the particular nucleus that is employed. 

The best test of the model we have worked out comes from the 
analysis of the frequency dependence of the "F relaxation rates 
measured on single crystals with 6 = 0°, as shown in Figure 4. 
The dipolar coefficients can be calculated and x(0) is experi­
mentally known; therefore, the only parameter to be fitted in (9) 
is the diffusion coefficient, D. The best fit diffusion coefficient 
in this case is D = 4.6 X 1014 rad s"1, which compares well with 
that expected on a theoretical basis of 1.33 X 1014 rad s"1. Similar 
differences between expected values and those obtained from the 
analysis of experimental data have been reported before,24 and 
they essentially reflect the simplifications that have been introduced 
in the theoretical model. However, the prediction of the right order 
of magnitude for D can be considered as fully satisfactory. 

The angular dependence of the relaxation rate was qualitatively 
reproduced, as shown in Figure 3 for two different frequencies. 
In this case, we used the spin diffusion coefficient D obtained from 
the fit of the polycrystalline powder data, so that the calculated 
angular dependence has no adjustable parameter. All these data 
confirm the one-dimensional nature of Mn(hfac)2(NITiPr), and 
show how it is possible to extend to ferrimagnets the treatment 
previously used for one-dimensional ferromagnets and antiferro­
magnets. 

In order to fit the experimental 19F relaxation rates of poly­
crystalline powders, we should integrate (9) over all the crystal 
orientations. A simplified model has been previously used which 
assumes that crystallites with 6 = 90° are largely dominant, 
because the probability of a given orientation goes as sin2 B. 
Therefore, the relaxation rates are calculated for one angular value, 
reasonably close to 90°. The best fit of the experimental relaxation 
rates, reported in Figure 2, yields Z) = 3.6 X 1015 rad s"1 for 6 
- 90°, and D = 1.9 X 1015 rad s"1 for 6 = 60°, which is slightly 
larger than the expected value. The same calculation was repeated 
for the protons, and the results are reported in Figure 2. Since 
the positions of the hydrogen nuclei were estimated with a large 
uncertainty, the D value obtained from the fit is less significant. 

At low frequencies, both nuclei show a dramatic deviation from 
diffusive behavior. This is expected, because at very long times 
both intrachain dipolar interactions and interchain exchange can 
provide an effective cutoff to the spin correlation; i.e., they provide 
a pathway for the two-spin correlation functions to go rapidly to 
zero. In principle also rotation effects of CF3 or CH3 groups might 
cause reversals of the frequency dependence of the relaxation rates, 
but they would be expected to occur at very different frequencies 
for the two different groups, while the deviation from diffusive 
behavior is observed at ca. 20 MHz for both 19F and 1H. 

The cutoff condition can be met on decreasing frequency either 
when it is the nuclear O)n or the electron Larmor frequency coe that 
becomes smaller than wc. Which is the effective case depends 
essentially on how large the interactions causing the cutoff are 
and on the relative values of the electron-nucleus coupling 
coefficients A+ and A' of (7). 

In Mn(hfac)2(NITiPr), the 19F T{x data in the high-frequency 
range down to about 20 MHz are quantitatively well interpreted 
by using the contribution of both terms in (7), indicating that in 
this range wn is still larger than «c, and that the maxima in the 
relaxation rates on decreasing frequency occur when the condition 
oi„ = a),, holds. 

The cutoff frequency a>c is related to the largest interaction 
responsible of the deviations from one-dimensional diffusive be­
havior. The intrachain dipolar interactions are dominated by the 
nearest-neighbor manganese-radical interactions. If we assume 
that the cutoff is determined by these intrachain dipolar inter­
actions, the cutoff frequency is expressed as24,27 

«c = {ADwty^[^(.B) + y/lFltf)] (10) 

where 
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ttyfi)' 
3/2[SMl,(SMn + DSRad(5Rad + I)]'/2 sin2 8 cos2 8 ( V ^ ) 

FlW = 3/4[SMn(SMn + l)SRad(SRad + I)]'/2 sin4 8 (^2F2) 

_hi> C 3 

C is the distance between manganese(II) and radical spins in the 
hypothesis of point dipole (C = 2.82 A), and V has been calculated 
for simplicity in the case of a perfectly straight chain. 

(10) shows that coc is angular dependent; therefore, close insight 
of the cutoff mechanism would be obtained from the oriented 
spin-lattice relaxation rates in the low-frequency range. Un­
fortunately, the small size of the crystals and the reduced NMR 
spectrometer sensitivity at low frequencies prevented us from 
exploring the low-frequency range for the oriented crystals. 
Nevertheless, also from the powders we can get useful information 
calculating the cutoff frequency assuming that it is dominated 
by the crystallites with 6 = 90°. In this way, we calculate vc = 
wc/2ir £ 19 MHz by using the theoretical D = 1.16wra value, while 
we calculate vc s 15 MHz by using the D value obtained from 
the fitting of the single-crystal data, in good agreement with the 
experimental values (PC S 17 MHz for 1H and 22 MHz for "F). 
The decrease of T1

-1 at low frequency is the consequence of the 
fact that wc is frequency dependent with a of 1^2 law, and of the 
large contribution of the A!j(wn) term to the relaxation rate. 

The calculations indicate that the cutoff effects can be satis­
factorily justified by the dipolar interactions between spins of the 
same chain. This result is very important because it puts an upper 
limit on the value of the interchain exchange interaction to J' s 
6X10"4 cm-1. The J'/J ratio is so much smaller than 2X10"*, 
which confirms the exceptionally good one-dimensional nature 
of Mn(hfac)2(N ITiPr). 

Single-crystal X-ray diffraction is the most widely used tech­
nique for the determination of both (i) molecular structures and 
(ii) accurate bond lengths of complexes in the solid state. However, 
the occurrence of crystallographic disorder derived from packing 
identical molecules in different, though structurally similar, 
orientations may result in the incorrect determination of not only 
bond lengths but also molecular structures. For example, the 
molecular structure of the ethylidyne complex W(PMe3)4-
(CH3)(CCH3) was originally incorrectly assigned as the dimethyl 
derivative W(PMe3)4(CH3)2, as a result of disorder between the 
ethylidyne and methyl ligands.' Disorder of groups that have 

(1) (a) Jones, R. A.; Wilkinson, G.; Galas, A. M. R.; Hursthouse, M. B. 
/ . Chem. Soc., Chem. Commun. 1979,926-927. (b) Chiu, K. W.; Jones, R. 
A.; Wilkinson, G.; Galas, A. M. R.; Hursthouse, M. B.; Malik, K. M. A. J. 
Chem. Soc, DaIton Trans. 1981, 1204-1211. 

Conclusions 
In this paper, we have shown how NMR is a powerful tool for 

the analysis of the magnetic properties of one-dimensional mag­
netic materials. Theory had already been tested on ferromagnets 
and antiferromagnets,24"28 but this is the first example of the 
successful analysis of a one-dimensional ferrimagnet. In particular, 
we have confirmed that in Mn(hfac)2(N ITiPr) the interchain 
exchange interactions are exceedingly small, therefore supporting 
our analysis of the mechanism of transition to three-dimensional 
order driven by dipolar interactions. The NMR data confirm that 
at high temperature Mn(hfac)2(NITiPr) is a textbook example 
of a one-dimensional ferrimagnet as was already suggested on the 
basis of the EPR spectra. 

The numerous one-dimensional magnetic materials that have 
been recently synthesized by using a molecular approach may be 
usefully tested with NMR experiments in order to better un­
derstand their magnetic properties. Further these materials with 
many chemically not equivalent protons might also provide the 
opportunity to observe more than one signal per nucleus, thus 
providing more refined testing grounds for the theories of spin 
dynamics in one-dimensional materials. Finally the experiments 
may be performed also in the vicinity of the transition temperature 
to three-dimensional magnetic order to obtain insight into the 
critical fluctuations and the field dependence of the critical tem­
peratures. We are currently working along these lines. 
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similar steric requirements (e.g., pairs of atoms) is more common, 
as illustrated by the example of (jj3-HB(pz)3|Mo(0)Cl2, which 
shows three different Mo-X bond lengths that are intermediate 
between Mo=O and Mo-Cl, with none representing either a pure 
Mo=O or Mo-Cl bond length.2 A second type of disorder occurs 
when a nonidentical, but structurally related, molecule occupies 
sites in the crystal lattice. However, even though cocrystallization 
of isostructural molecules is well-established,3 the extent of this 
phenomenon does not appear to be widely appreciated, in part 

(2) Lincoln, S.; Koch, S. A. Inorg. Chem. 1986, 25, 1594-1602. 
(3) For example, doping of paramagnetic materials into crystals of iso­

structural diamagentic complexes is used exclusively in single-crystal EPR 
strudies. See, for example: (a) Peterson, J. L.; Dahl, L. F. J. Am. Chem. Soc. 
1975, 97, 6416-6422. (b) Petersen, J. L.; Dahl, L. F. J. Am. Chem. Soc. 1975, 
97, 6422-6433. 
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Abstract: Single crystals composed of solid solutions of pairs of the complexes i»)3-HB(3-Bu'pz)3)ZnCl, (»;3-HB(3-Bu'pz)3!ZnI, 
and (7|3-HB(3-Bu'pz)3)ZnCH3 [3-Bu'pz = 3-C3N2H2Bu'], over a range of compositions, have been examined by X-ray diffraction. 
In each case the presence of the impurity is manifested by the observation of an apparent Zn-X bond length that is intermediate 
between the two possible extremes for the pair of complexes involved. As expected the relationship between the apparent bond 
length and composition is not linear but is weighted by the relative scattering powers of the disordered groups. 

0002-7863/91/1513-8414S02.50/0 © 1991 American Chemical Society 


