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Summary 
The rate of DMF exchange on [Tm (DMF)sl3+ has been determined by 'H- and 

13C-NMR. linebroadening techniques. 'H-NMR. yields the following solvent 
exchange parameters; AH* = 33.2 (k0.5)  kJ mol-', AS* = 9.9 (-t 2.4) J K-' mol-' 
and k (200 K)= 2.94 (-t 0.09) x lo4 s-l, whilst results from 13C-NMR. are similar. 
No evidence, by 35C1-NMR., was found of contact ion-pair formation when the 
perchlorate salts were used. 

Introduction. - The rate of water exchange on the lanthanide aquo-ions has 
only been established in the case of Gd3+ (k (298 K)= 1 0 . 6 ~  los s-I) [ l ]  [2] and 
lower limits for the other heavy ions were set forth in early 170-NMR. studies [ 3 ] .  
A large body of indirect evidence [4] suggests that there is a change in coordination 
number (nine to eight) across the series with the early lanthanides exhibiting nine- 
coordination in aqueous solution and probably methanol [ 5 ]  as well. 'H-NMR. 
solvation studies [6] and 170-shift studies [3], however, have been unable to provide 
suppoit for the suggestions and controversy still exists. 

Due to a lack of direct experimental data in the area of solvent exchange on 
the tripositive lanthanide ions, our knowledge of the kinetics of ligand-substitution 
processes on these ions has consequently remained rather nebulous. This work seeks 
to extend the scope of the solvent-exchange studies to non-aqueous solvents, and 
in particular, to N ,  N-dimethylformamide (DMF). The solvent nuclei under NMR. 
observation are the formyl H- and the carbonyl C-atom, these atoms being selected 
because of their proximity to the paramagnetic ion when the solvent is coordinated 
(giving thus larger shifts [7]) and because of their favourable NMR. characteristics 
(their resonances being, e.g. far from other ones and their spin having both value s). 

Theory. - The Swift & Connick approach [8] was utilized to determine kinetic 
parameters. The transverse NMR.-relaxation time T,, and the chemical shift 
(relative to that of pure solvent), do, (rad s-l) for the free or coalesced signal are 
dependent on various parameters as follows [9]: 

20 
0018-019X/82/2/0573-09$01.00/0 0 1982 Schweizerische Chemische Gesellschalt 



514 HELV~TICA CHIMICA ACTA - Vol. 65. Fasc. 2 (1982) ~ Nr. 57 

do. A W ,  

where zA is the relaxation time of the pure solvent, T,, is the relaxation time of 
the coordinated solvent in the absence of exchange, P,  is the mole fraction of 
coordinated solvent, 5 ,  is the residence time of a coordinated solvent molecule 
and Aw, is the chemical shift between free and coordinated solvent in the absence 
of exchange. In order to take into account outer-sphere relaxation and shift effects 
experienced by the free solvent even in the absence of exchange due to long 
range dipolar interaction with the paramagnetic centre, the outer-sphere shift 
(dw,,) and relaxation-time (T2<J terms are incorporated. The inner- and outer- 
sphere relaxation times are assumed to have a simple temperature dependence 
given by [9]: 

1 
(3) __ - A m  - exp (+) 

T2 "1 

From transition-state theory, r ,  may be related to the pseudo-first-order reaction 
rate constant, k and temperature by the E y i n g  equation: 

Finally, the temperature dependence of Awn, can be formulated as a power series 
[9- 1 I ]  in 1/T but only the first three terms will be considered. 

B, B2 B3 do, = -+-+ - 
T T 2  T3 

Experimental Part. - Maferials. DMF (Fluka, puriss.) was purified by fractional distillation at 
reduced pressure. Benzene and acetonitrile were purified by conventional methods [ 121. I3C-enriched 
benzene (90%, Stohler) was used as received. All liquid reagents were stored in dark bottles over 
previously activated 4A molecular sieves. A sample of anhydrous lanthanum perchlorate was donated 
by Professor J.-C. G. Riinzli of this institute. 

Preparation of [Ln(DMF)BJ(CI04)3 (Ln = La [ 131, Tm, Lu). The hydrate lanthanide perchlorates 
were initially prepared from the reaction of the oxide (99.9%, Research Chemicals) with 70% perchloric 
acid (Merck). 2.0 g of the hydrated salt was stirred with triethylorthoformate (Fluka, 10 g) at 60" 
for about one hour according to the method of Van Leewen & Groeneveld [14]. When DMF (2.4 g) 
was added to the dehydration mixture, an oil was produced which was subsequently cooled to 
induce crystallization. The crystals were filtered under vacuum in a glove-box (water i 6 ppm). washed 
with sodium-dried ether and pumped down on a vacuum line to remove volatile impurities. Yields 
of the hygroscopic products were essentially quantitative. The metal content of the complexes was 
checked by EDTA titration and/or by an ion-exchange technique [ 151. 
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NMR.  measurements. Solutions for NMR. study were prepared by weigh1 in the glove-box. 
In the case of IH-NMR. samples the internal reference was 1% W I W  benzene unless otherwise 
specified whereas for I3C-NMR. samples it was ca. 0.4% w/w I3C-enriched benzene. 

lH-NMR. spectra were obtained on Bruker CXP-200 and WP-60 instruments operating at 200 MHz 
and 60 MHz respectively with an internal deuterium lock. Precision-bore coaxial NMR. tubes 
(Wdmad) were employed. The 2 mm 0.d. inner tube contained the sample whilst the outer tube 
incorporated the lock substance (CD2C12 or C2D2C4). I3C-NMR. spectra (10 mm tubes) were 
recorded on the CXP-200 at 50.3 MHz with 'H-broad-band decoupling but without lock. For both 
IH- and I3C-NMR. experiments, shimming of the spectrometer was executed using the free induction 
decay of the sample. Inhomogeneity was estimated from the width of the benzene resonance. 
35C1-NMR. spectra were run at 19.6 MHz on the CXP-200 with 10 mm sample tubes without lock. 

Sample temperatures were measured before and after spectral accumulation by substituting the 
sample with a calibrated platinum resistance [16] immersed in a solution of identical composition, 
or by substitution with methanol or ethylene glycol samples. The temperature was found to be 
independent of the rate of sample rotation within experimental error (kO.5 K). 

T2 measurements were made from the full width at half height of the NMR. absorption 
resonance, or, alternatively (for narrow 13C-signals) by using a Carr-PurceII-Meiboom-Gill pulse 
sequence in cases where the linewidth of the benzene resonance was greater than 10% of that of the 
carbonyl C-atom. Chemical shifts were measured relative to the internal reference but ultimately 
relative to pure DMF. The temperature dependence of the pure DMF linewidths and the internal 
reference-DMF shifts were established from the appropriate 'blank' samples and taken into account 
for subsequent calculations. 

Tables of 'H- and I3C-NMR. shifts and I/T*, (measured in the presence and absence of Tm3+) 
as a function of temperature are available from the authors. 

Results and treatment of data. - As a first part of this study, the tendency of 
ClO, to form contact ion-pairs with the lanthanide ions in various solutions was 
assessed using variable temperature 35C1-NMR. The measured 35C1-NMR. line- 
widths and solution compositions are presented in Table 1. It is clear from the data 
that, in the case of acetonitrile solutions, significant ion-pairing exists [ 17-20]. By 
contrast, there appears to be no detectable ion-pairing in DMF solution once 
some allowance is made for inhomogeneity and/or viscosity effects. Stengle et al. 
I171 [18] have made similar conclusions for alkali metal and alkaline earth cations 
in these solvents. In DMF the lanthanide perchlorates dissociate as 1 : 3 electrolytes 
[21] and hence for the Tm3+ concentration range covered here (vide infru) no 

Table I .  Variation of the 3iCl-NMR. linewidth (Hz) of some perchlorates in D M F  and acetonitrile with 
concentrotion and temperarure 

Solution composition Linewidth (Hz) 
305 K 273 K 243 K 

Reference 

0.193 m La3+ in DMFa) 
0.0568 m La3+ in DMFa) 
0.0797 m Lu3+ in DMFb) 
0.201 m La3+ in CH3CN") 
0.0546 m La3+ in CH3CNa) 
0.5 M Li+ in CH3CN 
0 . 5 ~  Na+ in CH3CN 
0.1 M Mg2+ in CH3CN 
0.5 M Mg2+ in DMF 

2.0 
1.6 
1.7 
26 I 
206 
207 

6 7  

< 5'9 
5lC) 

- 3.9 
2.4 
3.4 

315 42 8 

") The solute was anhydrous La(CIO&. b, The solute was [Lu(DMF)~](CIO~)~.  ?) Temperature of 
probe ca. 30". d, Magnetic field inhomogeneity was 5 Hz. e ,  This work. 
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significant contact ion-pair formation is expected. Indeed, the marked increase in 
the dielectric constant of DMF with decrease in temperature [22] should prevent 
association even at very low temperatures (ca. 200 K). 

The calculation of kinetic parameters by NMR. line-broadening analysis re- 
quires a knowledge of f', and, therefore, of the coordination number of the metal 
ion in solution. For highly paramagnetic ions (such as Tm3+) it is rarely directly 
measurable with sufficient precision so that resort must be made to indirect 
methods [23].  One of these involves the addition of a non-coordinating diluent 
which would enable accurate integration of free and coordinated solvent reso- 
nances by reducing signal size disparities under slow exchange conditions. Figure I 
shows the 'H-NMR. spectrum of a [Tm (DMF),] (C10,),/DMF/CD2C12 solution 
mixture at 185 K. At this temperature the coordinated formyl 'H-resonance is too 
broad to be detected but integration may be conveneniently carried out utilizing 
the other resonances. Such an integration yielded a solution coordination number 
of 7.7f0.2 which is close to that in the solid state. Thus, eight would seem to 
represent the minimum and most likely coordination number in the absence of 
diluent. 

Figures 2 and 3 show the inverse temperature dependence of ln(l/Tz,) and 
d o ,  if eight-coordination is assumed. It is evident from the experimental data that 

10 HHz 
t_ 

Fig. 1. 360-MHz-'H-NMR. spectrum of a [Tm I D M F ) ~ ] ( C I O ~ ) ~ f D M F f C D , C l ,  solution ( P ,  = 0.478) at 
18.5 K. The resonances a-e are assigned as followsd): a)  N-CH3 trans to formyl proton of coordinated 
DMF; b) residual proton resonance of incompletely deuteriated CD2C12; c) formyl proton of free DMF; 
d) both N-CH3 resonances of free DMF, and e) N-CH3 cis to formyl proton of coordinated DMF. 

The spectrum was run on a Bruker WH-360 spectrometer with an internal deuterium lock. 

a) The resonances due to the N-CH3 groups of coordinated D M F  (a and e) were assigned on the 
basis of two criteria. Firstly, a crossover of exchange-averaged N-CH, resonances, which occurs 
at about room temperature, means that at even higher temperature, the coalesced N-CH3 signal 
involving a is in fact the upfield N-CH3 signal and this, presumably, corresponds to the upfield 
(trans to formyl) N-CH, signal of very dilute paramagnetic or diamagnetic D M F  solutions [26]. 
Secondly, under very slow exchange conditions the broadest coordinated N-CH3 resonance 
would he expected (for dipolar relaxation) to belong to the group closest to the paramagnetic 
centre (trans to the formyl proton), which from Figure 1 ,  is evidently a. 
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Fig. 2. Variable temperature IH-NMR. data for [Tm(DMFJ8](C104)3 in DMF. a )  Chemical shifts as a 
function of inverse temperature: 0 = 200-MHz-normalized shifts do ,  (2 solutions; P,= 0.0250 and 
0.0125); 0 = 60-MHz-normalized shifts d o ,  (P,=O.O126); - , calculated-dw, curves; .. . . . . . . . ., 
calculated-200-MHz-dw,, curve from Equation 7; - - - - - -, calculated-200-MHz-doos curve from 
equation 9. b) T2 values as a function of inverse temperature: 0 = 200-MHz-normalized Tz, (P,= 0.0250 
and 0.0125); 0 = 60-MHz-normalized T2, (P,= 0.0126); - , calculated-ln(l/Tz,) curves. The 

internal shift reference was 1% w/w benzene. 

the very slow exchange condition is not satisfied even at the lowest temperature 
accessible. A proper evaluation of the outer-sphere broadening is therefore impos- 
sible but since the dipolar effect falls off sharply with distance (r6) [24] it is probably 
negligible in relation to the total broadening. Supporting evidence for this conclu- 
sion comes from the inherently narrow linewidth of the internal referend which 
shows only a small predictable variation with temperature. Therefore, in the treat- 
ment of data, the TzOs term was neglected. In the case of the outer-sphere shift 
term, dw,, which manifests itself under slow exchange conditions, it is clearly 
neither negligible (the dipolar shift [24] is expected to depend on rP3) nor extensively 
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Fig.3. Variable temperature ’”C-NMR. data for (Tni (DMF)’)B](CIO4)3 in DMF. a )  Chemical shifts as a 
function of inverse temperature: 0 = 50.3-MHz-normalized shifts dw,  (P,= 0.0486); ___ , calcu- 
lated-Acu, curve; . . . . . . . . . ., calculated-do,, curve from Equation 7. b) T2-values as a function of inverse 
temperature: 0 = 50.3-MHz-normalized Tzr (P,= 0.0486). The internal shift reference was 0.4% w/w 

I3C-enriched benzene. 

well defined (Fig. 2a and 3a). However, if it is assumed that the temperature 
dependence of Aw,, is directly proportional to that of do,, then a ‘compensatory’ 
proportionality constant, C,, may be introduced in the least-squares fit to allow 
for the long range effect. Thus, 

In general, 
Aw,,=dw~,(DMF)-do~,(Ref.) 

where dw&(DMF) is the shift of free DMF (induced by the paramagnetic ion) 
relative to that of pure DMF and dw,$(Ref.) is the corresponding shift of the 
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reference. Unfortunately, it is not possible to directly measure the temperature 
dependence of any of these three quantities in Equation 8 over the whole tempera- 
ture range in the absence of bulk susceptibility data. In order to assist in the 
clarification of the situation, two internal references, viz. benzene and nitromethane 
were used in a 'H-NMR. study. The fast exchange do, values calculated with 
nitromethane as reference were slightly lower (approximately 4%) than the cor- 
responding Am, values using benzene. In the slow exchange region, Amr (= do,,) 
was clearly smaller for nitromethane. Using Equations 1, 2, 3, 5, 6 and 7 and 
optimizing the eight parameters (Am, Em, AH", AS", B , ,  Bt, B3 and C,) in a simul- 
taneously weighted') non-linear least-squares fit of 200 and 60 MHz2). 'H-NMR. 
data, it was found that all parameters except C1 were independent of the choice 
of reference. For benzene, C1 = 0.17 whilst for nitromethane, C, = 0.12. Intuitively, 
it might be predicted that the temperature dependence of do,, would follow that 
of Aco, (as above) or else that of dco& (Benzene)- d o &  (Nitr~methane)~), a quantity 
which can be readily measured. Allowing for the latter possibility with 

dw,, = C2 (dw& (Benzene) - do& (Nitromethane)) 

=c2 (; -+-+- ; ",5) 
(9) 

where B;, 3; and B; are previously determined constants and C, now replaces C, 
in the eight-parameter least-squares fit, it was found that the derived AH* and 
AS* values were very close to the ones derived using Equation 7. This can be seen 
from Table 2. Similar arguments may be proposed for the 13C-NMR. study. Con- 
sequently, the 'H- and 13C-Awr data in Figures 2a and 3a pertain only to benzene 
reference and the final results in Table 2 computed using Equation 7. The calculated 
d o ,  and 1n(1/T2,) curves are represented in Figures 2 and 3. The temperature 
dependencies of do,, as determined from Equations 7 and 9 are also shown in 
Figures 2a and 3a. 

Discussion. - As this paper represents one of the few reported studies of solvent 
exchange on a lanthanide ion, comparisons with other lanthanide systems are very 

In principle, the weight of each observation should be given by wi= l/u? where 0, is the usually 
unknown standard deviation of the i-th observation. Since the l/Tz, values are expected to have 
similar relative errors, they were treated in logarithmic form with equal weights. The dw, values 
should have similar absolute errors and were, therefore, equally weighted [9]. For the combined 
200 MHz/60 MHz 'H-NMR. fit there are two data sets for each frequency, giving a total of four 
representative standard deviations which need to be determined. In practice, the following 
procedure was employed. Approximate weights for each data set were initially introduced, and, 
after a preliminary fit, a root-mean-square deviation of the experimental and calculated points 
for each set was calculated. This value was set equal to the standard deviation of the data set 
whereby new weights could be assigned. The fit was then repeated using the revised weights. 
The value of 1/T2,, was assumed to be field-independent. This should be the case for dipole- 
dipole induced broadening in the extreme narrowing condition provided the electron spin 
relaxation time is short and field-independent [24]. No detectable field effec on  T2, was observed 
at high temperatures. 
The temperature dependence of do;l,(Benzene) and that of du&,(Nitromethane) should be 
directly proportional and hence directly proportional to their difference. 
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Table 2. Derived NMR. and kinetic parameters 

H-Atoma,b) 
From Eqn. 7 

H-Atoma) C-Atomb) 
From Eqn. 9 From Eqn. 7 

AH* [kJ mol-'1 
AS' [J K-' mol- 
k (298 K) [s-l] 
k (200 K) [s-I] 

Em FJ mol-'1 
B1 [rad s-' K] 
52 [rad s-I K2] 
B3 [rad s-I K3] 
CI 

Am [s-'I 

33.18 (50.5) 
'I 9.85 ( 5  2.4) 

3.1 ( 5 0 . 3 ) ~  lo7 
2.94 (k 0.09) x lo4 

7.0 (F 0.7) 
68( f17)  

3.8 ( 5 0 . 5 ) ~  107 
- 3.0 (k 0.3) x lo1' 

7.1 ( f 0.4) x loL2 
0.171 (fO.004) 

33.56 
11.70 
3.3 
2.93 

7 .O 
3.3 

- 2.7 
6.7 

69 

32.32 ( 5  1.0) 
3.3 (f  4.5) 
2 . 0 ( 5 0 . 3 ) ~  107 
2 . 2 ( ~ 0 . 1 ) ~  104 

27 (f 29) 
4.2 (f 2.7) 
8.3 (k 2.8) x lo6 

-4.6 (f 1 . 6 ) ~  lo9 
1.1 (f0.2)X 10'2 

0.26 ( f 0.02) 

") Combined 200 MHz/60 MHz fit. b, The errors represent one standard deviation. 

limited. The calculated DMF exchange rate constant at 298 K (Table 2)  is signifi- 
cantly less than the water exchange rate constant at 298 K for the Tm(II1) aquo- 
ion [25] (k(298 K)= 1 . 4 ~  108 SKI), the Gd(II1) aquo-ion 111 [2] (k(298 K) 
= 10.6 x los s-'), and the remaining waters in the Gd-PDTA- complex (k (298 K) 
= 3.3 x lo8 s- ' )  [ 11. This result is in accord with a general trend, namely, that for 
the vast majority of metal ions the overall rate of non-aqueous solvent exchange, 
and in particular, DMF exchange, is lower than that of water exchange. The sign 
and magnitude of AS* has, in the past, given useful mechanistic information for 
closely related solvent exchange systems [9] ,  but in the present case the small 
positive AS* cannot be considered diagnostic of mechanism. However, for the 
exchange of small solvent molecules on the relatively large tripositive lanthanide 
ions a moderately facile interchange process could be anticipated to be operative. 

To obtain further insight into the DMF exchange process further variable 
temperature NMR. work and variable pressure experiments are in progress with 
other members of the lanthanide series. 

This work was supported by the Fonds national suisse pour la recherche scientifique. 

REFERENCES 

[I] R. V. Southwood-Jones, W.L. Earl, K . E .  Newman & A .  E. Merbach, J .  Chem. Phys. 73, 5909 (1980). 
[2] R. Marianelli, Ph. D. Thesis. University of California, Lawrence Radiation Lab. Report UCRL- 

[3] J.  Reuben & D. Fiar. J. Chem. Phys. 51,4909,4918 (1969). 
[4] D. G. Karraker, J. Chem. Educ. 47,424 (1970) and references therein. 
[5] L. Kevan, J. Phys. Chem. 85, 1628 (1981). 
[6] A .  Fratiello, V. Kubo & G. A .  Vidulich, Inorg. Chem. 12, 2066 (1973). 
[7] A .  Monnerar, P.  Moore, K.E. Newman & A . E .  Merbach, Inorg. Chim. Acta 47, 139 (1981). 
[8] T.J.  Swift & R.  E. Connick, J. Chem. Phys. 37,307 (1962). 
[9] K. E. Newman, F. K. Meyer L A .  E. Merbach, J. Am. Chem. SOC. 101, 1470 (1979). 

17069, 1966. 

1101 5. R .  McCurvey, J. Magn. Reson. 33,445 (1979). 
[ 1 I ]  L. Lee & 5. D. Sykes, J. Magn. Reson. 41, 512 (1980). 



HELVETICA CHIMICA ACTA ~ Vol. 65, Fasc. 2 (1982) - Nr. 57 58 I 

[ 121 D. D. Perrin, W. L. F. Armarego & D. R. Perrin, ‘Purification of Laboratory Chemicals’, 2nd edition, 

[13] S.  S. Krishnamurthy & S. Soundararajan, Can. J. Chem. 47,995 (1969). 
[ 141 P. W N .  M. Van Leeuwen & W. L. Groeneveld, Inorg. Nucl. Chem. Lett. 3 ,  145 (1967). 
[IS] A .  I .  Vogel, ‘Quantitative Inorganic Analysis’, 3rd edition, Longmans Green and Co., London 1961, 

[ 161 C. Ammann, P. Meier & A .  E. Merbach, J. Magn. Reson., in print. 
[17] H.A. Berman & T.R. Stengle, J. Phys. Chem. 79, 1001 (1975). 
[18] H. A .  Berman, H.  J.  C. Yeh & T. R .  Stengle, J. Phys. Chem. 79,2551 (1975). 
[19] A .  I .  Popov, Pure Appl. Chem. 4Z, 275 (1975). 
[20] Y. M. Cahen, P. R. Handy, E. T. Roach & A .  I. Popov, J. Phys. Chem. 79,80 (1975). 
[21] L. N .  Lugina, N.  K .  Davidenko, L. N. Zabotina & K. B. Yatsimirskii, Russ. J. Inorg. Chem. 19, 1456 

(1974). 
[22] J.A. Riddick & W. B. Bunger, ‘Techniques of Chemistry’, Volume 11: ‘Organic Solvents, Physical 

Properties and Methods of Purification’, Wiley-Interscience, 3rd edition, New York 1970, p. 446. 
[23] J. Burgess, ‘Metal Ions in Solution’, Ellis Honvood, Chichester 1978, ch. 2. 
[24] G. N. La Mar, W. De W. Horrocks, jr. & R. H .  Holm, ‘NMR of Paramagnetic Molecules’, Academic 

[25] D. P. Fay, D. Litchinsky & N .  Purdie, J. Phys. Chem. 73, 544 (1969). 
[26] L. L. Graham, Org. Magn. Reson. 14.40 (1980). 

Pergamon Press, Oxford 1980. 

p. 702. 

Press, New York 1973. 




