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TABLE I V  
h.1 = Y M = Eu 

Distance Errors, A 
0.01 0.01 
0 .02  0.02 
0.02 0.02 
0.03 0.04 

Angle Errors, Deg 
0 .3  0 . 4  
0 . 7  1 . 0  
1 . 0  2 . 0  
1 . 0  2 . 0  
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polyhedron consisting of these 12 neighbors is the 
twofold crystallographic axis passing through the Cs + 

ion. The fact discussed by the previous authors that 
between chains there are only F .  . .F contacts is also 
apparent in Figure 2. 
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The coordination properties of dimethyl methylphos- 
phonate, DMMP = (CHB)P(O) (OCH3)2, and trimethyl 
phosphate,2 T M P  = (O)P(OCH,),, have been investi- 
gated. The proton spin-spin relaxation times (Tz)  and 
the phosphorus spin-lattice relaxation times ( T I )  of com- 
pounds of the type hl(L)x(C104)2 (M is an iron series 
transition metal, L is a phosphoryl ligand, and X is the 
coordination number) have been examined in neat solu- 
tions of the ligands in an effort to study the ligand-ex- 
change reactions. 

The hexamethylphosphoramide, HMPA = (O)P(N- 
(CH3)2)3, complexes were prepared as previously de- 
~ c r i b e d . ~  A similar procedure was used to prepare the 
DMMP and TMP complexes. Dehydration of M(Hz- 
o)6(c104)2 with triethyl orthoformate was followed by 
the addition of a slight excess of ligand. The complexes 
mere precipitated, as oils, upon the addition of diethyl 
ether. Solids were obtained by repeated washing with 
fresh ether. The solids were dried in mczm over P2Oi. 
The compounds isolated are shown in Table I. This 
procedure did not give pure solids in the following cases : 
DMMP with Fe2+-, Co2+, and Ni2+; T M P  with Fez+, 
Co2f,  Ni2f, and Cu2+; and dimethyl hydrogen phos- 
phite, DHP = (H)P(0)(OCH8)z, with the entire iron 
series. 

All solutions were made in a nitrogen atmosphere. 
The nmr data were obtained on a Varian A-60 spectrorn- 
eter. The effective magnetic moments were deter- 
mined by the method of Evans4 using benzene as an in- 
ert reference in a solution of the ligand. Infrared spec- 
tra were obtained on a 521 Perkin-Elmer grating spec- 
trometer (Nujol on CsI plates). The concentration of 
complex used to obtain the relaxation time data was : 
CO(HMPA)~~+ ,  (0.67-1.6) X M ;  Fe(HMPA)d2+, 
(0.45-1.3) X M ;  ~ ! ~ I ( H M P A ) ~ ~ + ,  (0.12-3.1) X 

M ;  Mn(DMMP)62+, (0.14-7.2) X 10-2M; Mn-  

The infrared phosphoryl shifts (Table I) clearly show 
that coordination involves the phosphoryl group. As is 
typical Fe3+ gives a much larger shift than &Inz+. The 
analytical data are tabulated in Table I as are the effec- 
tive magnetic moments ( M ) .  HMPA, diisopropyl 
methylphosphonate,j and triphenyl phosphine oxide6 

(TMP)6", (2.0-5.3) X lo-' M .  
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TABLE 1 
METAL SALT COMPLEXES OF DMMP AND TMP 

7 - -Analysis, %---- 
u(P=O) ,a 7 Calcd .---- Found 7 

Complex Color cm-1 pI  BM C H c1  M P C H CI M P 

M ~ I ( D M M P ) ~ ( C ~ O ~ ) ~  White 1200 5 .9  21.7 5 .4  7 .1  5 . 5  18.6 21.3 5.4 6 . 8  5 . 7  18.6 
Fe(DMMP)6(C10a)a White 1175 c 19.7 5 .0  9 . 7  5.1 16.9 19.8 5 .2  9 . 5  5 .2  16.9 
Cu(DMMP)4(C104)2 Green b 1 . 7  19.0 4 . 8  9 . 4  8 . 4  16 .3  18.7 4 . 8  9 . 5  8 . 5  16 .1  
M ~ I ( T M P ) ~ ( C ~ O ~ ) ~  White 1260 5 . 9  19.8 5.0 6.,5 5 . 0  17.0 19.9 5.0 6 .3  5 .0  16.9 
Fe(T&fP)0(C104)3 White 1200 c 18.1 4 . 6  8 . 9  4 .7  15.6 17 .8  5 .1  9 . 3  5 . 0  15.6 

a DMMP, 1242 cm-'; TMP, 1280 em-'. Reacts with CsI plates. Not sufficiently soluble. 

form four-coordinate complexes with Mn2+ as does the 
latter ligand with Fe3+. These results strongly suggest 
that steric considerations are a primary factor in deter- 
mining the coordination numbers of phosphoryl ligands. 
Wayland and Drago3 have shown that in a solution of 
HMPA all metal complexes are tetrahedral with the ex- 
ception of Ni(I1). The proton contact shifts of the 
HMPA complexes and their temperature dependence 
has also been r e p ~ r t e d . ~  The solution magnetic mo- 
ments (Table I) and color (water white) of the Pllln(I1) 
complexes of DMMP and TMP are consistent with an 
octahedral structure. 

The methyl proton signals of the neat ligands are dou- 
blets due to spin-spin coupling with the phosphorus nu- 
cleus. The proton spectra of various phosphoryl lig- 
ands in dilute solutions of paramagnetic metals exhibit 
spin multiplet collapse due to rapid phosphorus nuclear 
spin isomerization by the paramagnetic A 
typical set of spectra is given in Figure 1. 

Phosphorus decoupling in the proton spectrum is un- 
likely to originate from a second sphere interaction. 
Zumdahl and Dragog have studied ligand-exchange re- 
actions of CO(HMPA)~(X), (X = halogen) in excess 
HMPA. At low temperature, separate peaks for free 
and bound ligand are observed. The heteronuclear 
double-resonance experiment definitively shows that the 
free ligand does not undergo chemical spin decoupling. 
Experiments with DHP and DMMP with nonlabile Cr- 
(111) compounds (Cr(H20) +, Cr(en)s3+, Cr (SCN) 2-), 
where the relaxation times must be second sphere in na- 
ture, show no evidence of chemical spin decoupling. 
These results may readily be explained by considering 
the second-sphere relaxation mechanism. Owing to the 
rapid attenuation with distance of the hyperfine cou- 
pling constant all second-sphere relaxation times will be 
dipole-dipole in nature. lo Relative dipole-dipole relax- 
ation rates are proportional to the squares of the gyro- 
magnetic ratio (y2) and the inverse sixth-power depen- 
dence of the distance from the metal to the nucleus un- 
der consideration ( Y - ~ ) .  The gyromagnetic ratio ef- 
fect, ( y ~ / I y p ) ~  = 6.1, favors proton relaxation rates 
which are faster than phosphorus relaxation rates in the 
second coordination sphere. The gyromagnetic ratio 
effect may be somewhat offset by second-sphere orienta- 

(7) L. S. Frankel, J .  Chem. Phys., 50,943 (1969). 
(8 )  L. S. Frankel, J .  Mol. Spectry., 29, 273 (1969). 
(9) S. S. Zumdahl and R. S. Drago, Inorg. Chew., 7, 2162 (1968). 
(10) N. Bloembergen and L. 0. Morgan, J .  Chem. Phys., 84, 842 (1959). 
(11) 2. Luz and S. Meiboom ( i b i d . ,  40, 2686 (1964)) treated all effects 

not originating from the first sphere as a continuum and reported an Y - 3  

dependence. 

f? 

Figure 1.-The methyl signals of HMPA as a function of con- 
centration of Co(HMPA)d2+ at  38O, the concentration of Co(I1) 
being varied to 0.016 M .  

tion effects. However, calculations suggest that this ef- 
fect will not be dominant. These orientation effects 
should be most important for highly charged solutes for 
which chemical spin decoupling is not observed (Cr(II1) 
experiment). Phosphorus decoupling is therefore not 
observed in a proton spectrum whose relaxation times 
are second sphere in nature, but proton decoupling 
should be observed in the phosphorus spectrum. If the 
relaxation times originate from a first-sphere interac- 
tion, chemical spin decoupling need not always occur.8 
For all compounds studied chemical spin decoupling is 
observed over the entire temperature range and the re- 
sulting relaxation times are first sphere in origin. 

The phosphorus spin-lattice relaxation times may be 
obtained from the observed separation of the doublet as 
i t  coalesces into a single line. The following equation is 

T~ = P M [ . z / ( ~  - P ~ , Z J Z ] ' / ~  

applicable'~* where PM is the probability of a ligand mol- 
ecule being in the primary coordination sphere of the 
metal ion, D is the observed separation of peaks in the 
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TABLE I1 
SUMMARY OF RELAXATION TIME DAW 

Phosphorus 7 P r o i u n -  --- __-- 
Compound l,'Tl, sec-1 - E A ,  kcal 1/Tn, sec-1 -ea, kcal Temp range, OC 

MII (HMPA).i(ClO*)n 2 . 8  x 104 3 . 4  2 . 0  x 10" 3-4 1 16-1d 

Fe (HMPA)4 (C10& 2 . 8  x 103 0 . 4  b 70-15 
Co(HMPA)a(C104)2 5 . 0  x 103 0 . 4  b 100--16 

(Figure 3) 

Mn (DMMP)s (ClO& 8 .7  X lo3 4.0 1.1 x 1 0 4 ~  3 . 9  110-60 

hfn(TMP)6(C104)2 a 8 . 0  x 103 3 . 5  100-55 
1 .7  X 1 0 4 d  3 . 6 d  (Figure 2) 

a The proton spin-spin relaxation time is sufficiently rapid as to make it difficult to obtain T,  from the separation of the doublet over 
Owing to solubility limits complete chemical spin decoupling cannot be achieved and proton transverse an extended temperature range. 

relaxation times cannot be readily obtained. Methoxy proton data. Methyl proton data. 

presence of the paramagnetic metal divided by the cou- 
pling constant, J ,  in the absence of paramagnetic metal. 
At a sufficiently high concentration of paramagnetic 
metal chemical spin decoupling is complete and the line 
width, AV (corrected for the natural line width in the ab- 
sence of the complex), of the single remaining peak gives 
the proton transverse relaxation time (nAv = P,/T2). 
This region is readily identified since Av is a linear func- 
tion of the concentration of the paramagnetic metaL7s8 

A summary of the data a t  25' is given in Table 11. 
In all cases the small activation energies indicate that  
the exchange rates are greater than the relaxation rates. 
Therefore only limits can be set on the exchange rates, 
k > 1,'Tl) 1/T2. To our knowledge very little work has 
been reported on tetrahedral systems. l2  Rate limits 
should be evaluated a t  the lowest temperature reported; 
for example, h!h(DhIMP)6z+ undergoes exchange a t  
least five times faster than hk(HzO)62+ would a t  -66" 
(based on known activation energies). l 3  

To a good approximation, l/Tl and l,'T2 of nuclei 
bonded to paramagnetic ions reduce to lo 

where I and S refer to the nuclear and electron spins, (J 

is the Larmor precessional frequency, A is the hyperfine 
coupling constant, rC and re are the correlation times for 
dipolar and contact interactions. The first term in the 
above equations is due to a dipole-dipole interaction 
while the latter term results from electron delocalization 
effects, contact mechanism. The correlation times are 
given bylo 

7e-1 = r l l - l  + rs-l 

rc-l = rr-l + 7*-1 
where T h  is the chemical exchange time, rs is an elec- 
tronic relaxation time, and rr is the ion tumbling time. 

(12) J. E. Crawford, L. Lynds, and S. I. Chan, J .  Ain.  Chem. Soc., 90, 

(13) T. J. Swift and li. E. Connick, J .  Chem. Phys., 37, 307 (1962). 
7165 (1968). 

The activation energies for the phosphorus relaxation 
rates of the Fez+ and Co2+ tetrahedral compounds of 
HMPA are comparable to those reported for octahedral 
compounds and are assigned to a correlation time which 
is controlled by an electron relaxation time.10,14-17 A 
more detailed explanation of all of the phosphorus relax- 
ation time data requires values for the phosphorus hy- 
perfine coupling constant (which must be obtained from 
the 31P spectrum) and a consideration of the relative im- 
portance of the dipole-dipole and contact mechanism. 
Owing to solubility limits, complete chemical spin de- 
coupling for Fe(HMPA)4*+ and Co(HMPA)12+ cannot 
be achieved7j8 and the proton transverse relaxation 
times cannot be readily obtained. 

The data for Mn(DMNlP)62+ are summarized in 
Figure 2 and Table 11. The small activation energies 
eliminate T h  as a likely correlation time. Since T~ is ex- 
pected to be approximately sec,lo ( ~ ~ ~ r ~ ~  >> 1. Con- 
sequently the term rs ( l  + us2rs2j -l is very small and TIP 

must be entirely dipolar in nature.Ig If a metal-phos- 
phorus distance of 2.5 b is substituted into ey 1 and rc is 
calculated a t  each temperature, the apparent bend for 
TIP in Figure 2 is reproduced with values of ~ ~ ( 2 . 5 " )  = 

1.2 X 10-l1sec and EA = 4.0 kcal. The values of rc 
and EA are comparable to those for Mn(H2O)O2+ and are 
typical for r,. ,4 metal-OCHs proton distance of r = 
5 . 5  d was estimated from the following bond distances : 
Mn-0, 1.4 8; P=O, 1.5 A ;  P--0, 1.6 A ;  0-C, 1.4 8; 
C-H, 1.1 A; and from the bond angles : L MnO=P = 
180"; L O P 0  = LPOC = LOCH = 109". If we now 
assume that T 2 ~  is also dipolar, T 2 ~ / T I ~  = 8. This is 
not consistent with the near-equal ratio reported in Fig- 
ure 2. The values of T 2 ~  are approximately an order of 
magnitude shorter than predicted by a dipolar mecha- 
nism. We therefore conclude that T 2 ~  is dominated by 
a contact interaction. The term rs + [ r s / ( l  + w s 2 r S 2 ) ]  
does not become small when wS2rs2 >> 1. Because rs is 
approximately two orders of magnitude longer than rr, 
only a small contact shift (-200 cps) from which A is 
calculatedz0 is sufficient to dominate the dipolar term. 
A contact shift of this magnitude is too small t o  be ac- 

(14) N. A. Matwiyoff,Inovg. Chem., 5,  788 (1968). 
(15) N. A. Matwiyoff and S.  V. Hooker, i b i d . ,  6, 1127 (1907). 
(16) L. S. Frankel, J .  Phys .  Chem.,  73, 736 (1968). 
(17)  R. E. Connick and D. Fiat, J .  Chem. Phys., 44, 4103 (1966). 
(18) K. A. Bernheim, T. H. Brown, H. S. Gutowsky, and D. E. Woessner, 

(19) We wish t o  thank a referee for calling our attention to  this point. 
(20 )  N. Bloembergen, J .  Chem. Phrs., 27, 595 (1957). 

ibid. ,  30, 950 (1958). 
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Figure 2.-The temperature dependence of the phosphorus 
relaxation time TI ( W )  and the proton spin-spin relaxation 
time Tz  of the methyl (0 )  and nlethoxy protons (A) of Mn- 
(DMMP)s2+. 
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Figure 3.-The temperature dependence of the phosphorus 
relaxation time TI  (m) and the proton spin-spin relaxation time 
'Tz (e) of Mn(HMPA)a2+. 

curately measured under rapid exchange conditions. 
The proton activation energies, Table 11, are compara- 
ble to Mn(HzO)62+.18 The TZH values show no nonlin- 
earity because TZH is largely due to a contact interaction 
with re = T ~ .  Considering the temperature range (110 
to  - G G O )  the values of TZH give a surprisingly good fit to 
a simple exponential temperature dependence. The 
relative values of the proton .relaxation times of the 
methyl and methoxy groups are consistent with coordi- 
nation through the phosphoryl group. 

The phosphorus relaxation times of Mn(TMP)2+ 
cannot readily be obtained over an extended tempera- 
ture range by measuring the separation of the doublet. 
The data for T z ~  give a good fit to a simple exponential 
plot and are comparable to those of Mn(DMMP)62+, 
Table 11. 

The data for Mn(HMPA)42+ are summarized in Fig- 
ure 3. The relative values of T ~ H  and T i p  clearly show 
that a dipolar mechanism cannot be operative for both 
T ~ H  and Tip, Since no reliable estimates have been 

made for re, one cannot confidently conclude that  TIP is 
dipolar in nature. Since T 2 ~  is too small relative to TIP, 
T ~ H  must contain an  appreciable contribution from a 
contact interaction. The deviation from linearity for 
TZH is probably due to small differences in the tempera- 
ture dependence of rC and re. The activation energies, 
Table 11, are comparable to those of octahedral systems. 
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The preparation of polysilanes from inonosilane by 
an electric discharge in a flow system has been reported 
by Spanier and MacDiarmid.' Fritz2 has also demon- 
strated that  polysilanes are produced during the 
pyrolysis of silane. In  this note we report our results 
on the preparation of trisilane and tetrasilane by the flow 
system pyrolysis of disilane and trisilane, respectively. 

Our results on the disilane pyrolysis have demon- 
strated that  the primary decomposition does not pro- 
duce hydrogen. Also, our data are not in accord with 
the decomposition of disilane into silyl radicals. There- 
fore, our results are most consistent with the decomposi- 
tion of disilane into silane and silene followed by silene 
insertion into disilane forming trisilane. 

Experimental Section 
These experiments were carried out in standard high-vacuum 

systems. Separations were made by trap to trap distillations. 
The reactants and products were identified by their infrared1,3-5 
and mass spectra (see Table I). 

TARLE I 
M ~ S S  SPECTRUM OF PRODUCTS 

SiHzC SiaHr+ SiaHz+ SirHz+ SigHzf 

28-34 56-64 84-96 112-126 140-156 
m / e  m l e  m / e  d e  m/e 

Si& 81 248 0 0 0 
ShHs 18 146 83 0 0 
Si4Ht0 22 84 199 57 0 

Disilane was prepared by the reduction of hexachlorodisilane 
with lithium aluminum hydride. The trisilane used was obtained 
from the pyrolysis of disilane as described herein. 

The pyrolysis reactions were carried out in a Pyrex tube with 
a diameter of 6 mm and an effective volume of 3.8 cmS. The 
reaction chamber was connected to an automatic Toepler pump 
for cycling. The inner walls were coated with a silicon mirror 
from previous pyrolysis reactions. Three runs were made over 
an uncoated surface by adding Pyrex beads to the reaction 
chamber. 

The chamber was heated with a heating tape which surrounded 
a thermometer placed between the tape and the chamber. The 
heating tape was then wrapped with several layers of asbestos. 
The disilane pressure in the chamber was about 30 Torr which 

(1) E. J. Spanier and A. G. MacDiarmid, Inovg. Chem., 1, 432 (1962). 
(2) G. Fritz, 2. Natuvfovsch., Ib, 507 (1952). 
(3) J. H. Meal and M. K. Wilson, J .  Chem. Phys. ,  24 ,  385 (1956). 
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(5)  S. D. Qokhale and W. L. Jolly, Inoug. Chem., 3, 946 (1964). 


